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High-valent iron-oxo intermediates play central roles as active oxidants in
enzymatic and synthetic catalytic oxidations. Many transition metal catalysts are
designed for biomimetic studies of the predominant oxidation catalysts in Nature, the
cytochrome P450 enzymes.
In this work, a new photochemical method to generate high-valent iron-oxo
porphyrin models was discovered. As controlled by the electronic nature of porphyrin
ligands, iron(IV)-oxo porphyrin radical cations (Compound I model) and iron(IV)-oxo
porphyrin derivatives (Compound II model) were produced. These observations indicate
that the photochemical reactions involve a heterolytic cleavage of O-Br in precursors to
give a putative iron(V)-oxo intermediate, which might relax to Compound I through
electron transfer from porphyrin to the iron or undergo rapid comproportionation reaction
with residual iron(III) to afford the Compound II derivative.
Furthermore, visible light photolysis of bis-porphyrins-dimanganese(III)-μ-oxo
complexes, [MnIII(Por)]2O, was studied in three porphyrin systems. Direct conversion of
manganese(III)-μ-oxo dimers to manganese(IV)-oxo porphyrins [MnIV(Por)(O)] and
manganese(III) products was observed in benzene solution upon light irradiation. The
spectral signature of [MnIV(Por)(O)] was further confirmed by production of the same
species in the reported reaction of the [MnIII(Por)Cl] with PhI(OAc)2. Continuous

xix

irradiation of bis-porphyrins-dimanganese(III)-μ-oxo complexes in the presence of
pyridine or triphenylphospine gave rise to the formation of [Mn II(Por)(Py)] or
[MnII(Por)(PPh3)], which are stable to be detected. A photo-disproportionation
mechanism similar to that for bis-porphyrins-diiron(III)-μ-oxo complex was proposed to
explain above photochemical behaviors of bis-porphyrins-dimanganese(III)-μ-oxo
complexes.
With iodobenzene diacetate [PhI(OAc)2] as the oxygen source, manganese(III)
porphyrin complexes exhibit remarkable catalytic activity towards the selective oxidation
of alkenes and activated hydrocarbons. Conspicuous is the fact that the readily soluble
PhI(OAc)2 in the presence of a small amount of water is more efficient oxygen source
than the commonly used PhIO under same conditions. High selectivity for epoxides and
excellent catalytic efficiency with up to 10,000 Turnovers (TONs) were achieved in
alkene epoxidations. A manganese(IV)-oxo porphyrin was observed in the oxidation of
the manganese(III) porphyrin and PhI(OAc)2. However, catalytic competition and
Hammett studies suggested that the more reactive manganese(V)-oxo intermediate was
favored as the premier active oxidant, even it is too short-lived to be detected in the
catalytic reaction.
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CHAPTER 1
INTRODUCTION
1.1

Overview of Cytochrome P450 Enzymes
Cytochrome P450 enzymes (CYP450s) were found nearly 60 years ago by

biochemists and pharmacologists who studied drug metabolism.1 The CYP450s play a
key role in oxidative transformation of endogenous and/or exogenous molecules.2 It has
been found in all type of life forms including plants, bacteria, and mammals.3 There are
two main functional roles of the CYP450s; one is the metabolism of xenobiotics
(compounds exogenous to the organism) and the other is to catalyze biosynthesis of
critical signaling molecules.4 Since the discovery of the first heme-thiolate containing
proteins, 60 CYP450 genes and 58 pseudogenes have been isolated from numerous
mammalian tissues (liver, kidney, lung, and intestine).5 Many members in the CYP450s
superfamily are currently known, and the number continues to grow as more genomes are
sequenced. Currently, over 12,000 CYP450s isomers have been identified at the time of
this writing. For example, the soybean genome has 332 full-length CYP450 genes and
368 pseudogenes for a total of 700 CYP450 sequences.6 All of these cysteinato-hemecontaining enzymes contain an iron protoporphyrin IX complex, which is covalently
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linked to protein by sulfur atom of a proximal cysteine ligand (Figure 1-1), leaving the
coordination site open to bind and activate molecular oxygen. They are known to catalyze
a large number of oxidation reactions, including hydroxylations, epoxidations, N-, S-, and
O-dealkylations, N-oxidations, sulfoxidations, dehalogenations, oxidative deformylations
and other reactions (Figure 1-2).5

Figure 1–1. Prosthetic of cysteinato-heme enzymes: an iron(III) protoporphyrin-IX
linked with a proximal cysteine ligand.
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Figure 1–2. Oxidations catalyzed by cytochrome P450 enzymes.

CYP450s have unique spectral properties as well as its ability to efficiently
catalyze a variety of difficult biotransformations. With the discovery of CYP450s
involvement in steroid biosynthesis in the 1970s, it joined with its central function in
drug metabolism and became one of the most extensively investigated biochemical
systems.7 The CYP450s became most known for their efficiency in hydroxylation of
inactivated alkanes as only a select few oxygenases possess the requisite “active oxygen”
state.5,
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The CYP450s activate the molecular oxygen, insert one oxygen atom into

substrate, and then reduces the second oxygen to water molecule, utilizing two electrons
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that are provided by NADPH or NADH via a reductase protein (Figure 1-3). Since only
one of the two oxygen atoms from the molecular oxygen has been used and remains in
the oxidized substrate, the CYP450s are also termed as monooxygenases.

Figure 1–3. Cytochrome P450s monooxygenase reaction (S = substrate).

The triplet molecular oxygen is well known to be unreactive toward most of the
singlet organic molecules.9 Consequently, the living systems mainly use enzymes to
modify the molecular oxygen to an oxidizing form capable of performing the desired
oxidation reaction. Nature has found many ways to utilize molecular oxygen to
functionalize molecules through the use of a diverse set of cofactors. Flavin, non-heme
iron, copper, and metalloporphyrin complexes have been reported, which can metabolize
atmospheric molecular oxygen in an oxygenase catalytic cycle, resulting in the
incorporation of one or two oxygen atoms into a substrate.10
The early studies of CYP450s established a paradigm of drug metabolism, a
particularly important domain of molecular pharmacology.

In early 1955, Axelrod

reported that the oxidative metabolism of ephedrine was mediated by the microsomal
fraction of a rat liver homogenate in the presence of NADPH and molecular oxygen.1a In
1958, Klingenberg established that the rat liver microsomes contained an unknown
carbon monoxide binding pigment.1b Later, Omura and Sato found that the microsomal
CO-binding pigment was a heme-protein having a strong absorption peak at 450 nm and
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therefore named this pigment as “cytochrome P450” (the strong absorption band at 450
nm corresponds to the Soret π- π* band of the PPIX-FeII-CO chromophore).1c
CYP450s have been initially classified as electron-transfer proteins, which
provide electrons from NADH or NADPH to the oxygenase protein.11 They can be
classified into two Classes in drug metabolism, i.e., Class I refers to mammalian
mitochondrial enzymes involved in steroid syntheses and Class II corresponds to
mammalian enzymes located in the endoplasmic reticulum of liver cells.12 A specific
group of isoforms are expressed in the liver with the role of metabolizing xenobiotic
compounds. Specifically, six of these CYP450 isoforms are important in drug
metabolism as they comprise approximately 90% of the metabolism of pharmaceutical
drugs.13 These enzymes can be inhibited or induced by drugs, resulting in clinically
significant drug-drug interactions that can cause unanticipated adverse reactions or
therapeutic failures. The interactions with warfarin, antidepressants, antiepileptic drugs,
and statins often involve the CYP450s. Since then, the study of the most important drugs
metabolized by CYP450s, as well as the most potent inhibiting and inducing drugs, can
help minimize the possibility of adverse drug reactions and interactions.14
The sequential two-electron reduction of CYP450s and existence of multiple
intermediates was first discovered in bacterial CYP450cam (CYP101) by Poulos and coworkers in 1985. CYP450s ceased being black boxes that perform oxidation.15 The
CYP450cam is a 45, 000 Da polypeptide enzyme, which chain containing a single ferric
protoporphyrin-IX complex and a cysteine (Cys-357) as an axial ligand (Figure 1-4).
CYP450cam of Pseudomonas. Putida. catalyzes the regio- and stereospecific
hydroxylation of camphor with atmospheric molecular oxygen to 5-exo-hydroxycamphor
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(Scheme 1-1). The camphor substrate is oriented within the active site of the enzyme by a
combination of a hydrogen bond between the oxygen of the carbonyl group and the
phenolic function of a tyrosine residue (Tyr-96).

Figure 1–4. X-ray structure of CYP450cam.

Scheme 1–1. Stereospecific hydroxylation of the C-H bond at position 5 of camphor
catalyzed by cytochrome P450cam with molecular oxygen.
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1.2

The Catalytic Cycle of Cytochrome P450 Enzymes
Over 60 years after the isolation and the characterization of CYP450s, the exact

nature of the active species responsible for the oxygen insertion step has been extensively
probed. After an “iron-oxenoid” period during the 1970s,16 the “high-valent iron-oxo”
species was emerged as the active intermediates. This suggestion was based primarily on
elegant studies using single oxygen atom donors with CYP450s itself and with chemical
model species made from synthetic metalloporphyrins.17

Scheme 1–2. Catalytic cycle of cytochrome P450 enzymes.
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A common catalytic cycle of the CYP450s provides the core description of the
iron, protein, and oxygen roles, which is now generally accepted in an updated form
(Scheme 1-2).18 The proposed catalytic process includes: (1) binding the substrate; (2)
reduction of iron(III) center to the ferricous state; (3) binding of a molecular oxygen to
give a ferrous CYP450-dioxygen complex; (4) transfer the second electron to this
complex to give an iron(III)-peroxo complex; (5) two consecutive protonations on the
distal oxygen; (6) heterolytic cleavage of the O-O bond with concurrent formation a
molecule of water and a reactive iron-oxo species; (7) oxygen atom transfer from this oxo
species to the bounded substrate; and (8) dissociation of the product. The first three steps
of the enzymatic process have been monitored spectroscopically with relatively stable
product formed in each step. X-ray structures have been reported for several different
CYP450s in their resting state with and without substrates, including CYP450cam,15b, 19
CYP450BM3,20 and CYP450nor.21
In heme-containing enzymes, an iron(IV)-oxo porphyrin radical cation species
(biologically termed as Compound I) has been characterized in the catalytic cycles of
peroxidases, catalases, and CYP450s, which also formed in chloroperoxidase (CPO).22
These enzymes have the same iron protoporphyrin IX complex, but different heme
proximal (axial) ligands (histidine in peroxidases, tyrosine in catalases, and cysteine in
CYP450s).5, 23 Therefore, it has been believed that the axial ligand controls the reactivity
of Compound I species. In particular, it has been suggested that the proximal cysteinate
(thiolate) ligand of CYP450s increases the oxidizing power of Compound I for
hydroxylation of inactivated C−H bonds.24 The axial ligand effect on the reactivity was
explained in term of electron donor effect and/or the electron affinity of Compound I. As
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the axial ligand becomes a better electron donor, it strengthens the Fe

O⋯H bond to

increase hydrogen abstraction activity, and weaken the Fe=O bond at the same time. 25
The reactions of both oxygenases and peroxidases can undergo many potential
transformations after its formation. In CYP450s, one can summarize these fates as
follows: (i) direct participation (i.e., a direct catalyst) in substrate metabolism, (ii) an
uncoupling reaction in which hydrogen peroxide is released from the enzyme, and (iii) a
second protonation of distal oxygen in which the high-valent Compound I species is
formed through heterolytic cleavage and water is released.26 The use of multiple oxidants
in CYP450s catalysis may account for the remarkable versatility of the enzyme family in
a wide array of biotransformation.
1.3

Compound I and Compound II Species
High-valent iron-oxo species have been identified as the key oxidizing

intermediates in the catalytic cycles of oxygen activating iron enzymes, as well as
synthetic oxidation catalysts.5,

27

The synthetic iron porphyrin complexes have been

widely used as models of heme-containing enzymes with the aim of gaining an
understanding of the enzymatic reaction mechanisms. Extensive studies have been shown
that Compound I models were formed from reaction of iron(III) porphyrin complexes and
various oxidants, such as m-chloroperoxybenzoic acid, iodosobenzene, and ozone.28
The fast mixing studies of CYP450s with external oxidants gave only protein
radical and ferryl species within 8 ms of the freeze-quench technique.29

Since the

physical characterization is presently available for CYP450s oxidant, the Compound I
state as well as the peroxo and hydroperoxy states of the enzyme have been proposed to
be active in oxygenation events.30 Under experimental conditions, the treatment of
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CYP450cam from Pseudomonas Putida with a large excess of peroxy acid led to the rapid
formation of a putative Compound I species, which had spectral similarity with CPO
Compound I specie.31
It is noteworthy that an iron(V)-oxo species would be formed directly from
heterolytic peroxy bond cleavage after the second protonation on the distal O-H atom.
Depending on the energy barrier for internal electron transfer (ET), this perferryl-oxo
transient could serve as either an intermediate or a transition state in the CYP450s
oxidation process. Ghosh and co-workers calculated that the perferryl-oxo species should
have a higher energy than the corresponding ferryl-oxo porphyrin radical cation, which in
turn implies a possible higher reactivity for this species compared to a Compound I
species.32

Scheme 1–3. Chemical generation of Compound I and Compound II species.
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The first preparative generation and characterization of a Compound I-like model
species was reported by Groves' group in 1981.33 The oxidation of ferric porphyrin
chloride complex [FeIII(TMP)Cl] (TMP = 5, 10, 15, 20-Tetramesitylporphyrin)with 1.5
equivalents of m-chloroperoxybenzoic acid (m-CPBA) at -78 °C generated a green
iron(IV)-oxo porphyrin radical cation species [FeIV(TMP+•)(O)X] (Scheme 1-3). This
Compound I analogue was further characterized with UV-visible, NMR, and EPR.34 It
has

also

been

reported that reaction of

the [Fe III(2,6-Cl2TPP)(ClO4)]

with

iodopentafluorobenzene, m-CPBA or ozone in acetonitrile at -35 °C gave a Compound I
species.35
In the same paper reporting preparation of the TMP Compound I species, Groves
and co-workers also presented the oxidation reaction of the same ferric porphyrin
FeIII(TMP)Cl by one equivalent of PhIO at -78 °C in CH2Cl2, affording an iron(IV)-oxo
neutral species (Compound II).33 The porphyrin-iron(IV)-oxo complexes also generated
by oxidation of [FeIII(2,6-Cl2TPP)OH] with m-CPBA.36 Another preparation and
characterization of Compound II species in porphyrin models were reported by the
groups of Balch and Groves.36-37 In general, iron(IV)-oxo neutral porphyrin are relatively
more stable than iron(IV)-oxo porphyrin radical cation. Therefore, Compound II species
are less reactive in oxo-transfer reactions in comparison to Compound I species.5, 22b, 38
True iron(V)-oxo complexes are generally rare and elusive, and considered to be more
reactive than the Compound I species.32 For example, the putative porphyrin/corroleiron(V)-oxo transients produced by laser flash photolysis (LFP) methods displayed an
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appropriate high level of reactivity.39 The spectroscopic evidence for a high-valent
corrolazine-iron-oxo intermediate at the iron(V) oxidation level has also been reported.40
1.4

Photochemical Generation of High-Valent Metal-Species
Photochemistry is particularly intriguing to explore the metal-oxo chemistry.41

Furthermore, kinetics of oxidation reactions of transients of interest is not convoluted
with the kinetics of reactions that form the transients. In this regard, Newcomb and coworker developed photo-induced ligand cleavage reactions for production of high-valent
transition metal-oxo derivatives.39a, b, 42 The concept of photo-induced ligand cleavage
reactions is illustrated in Scheme 1-4. The precursor complexes have metal in the n
oxidation state and an oxygen-containing ligand. Photolysis can result in homolytic
cleavage of the O-X bond in the ligand to give an (n + 1) oxidation state metal-oxo
species or heterolytic cleavage of the O-X bond in the ligand to give an (n + 2) oxidation
state metal-oxo species.

Scheme 1–4. Photo-induced ligand cleavage reactions for production of high-valent
transition metal-oxo species.
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Notably, the photochemical approach produces metal-oxo species essentially
instantly, and permits direct detection of high-valent metal-oxo species and kinetic
studies of their oxidations within much shorter timescales than the fastest mixing
experiments. Notably, it has developed a new method using photochemical ligand
cleavage reactions to generate reactive high-valent macrocyclic metal-oxo species,
including

porphyrin-manganese(V)-oxo,42b

corrole-iron(V)-oxo,39a

and

corrole-

manganese(V)-oxo species,42c with appropriate oxygen-containing ligands (e.g.
perchlorate, chlorate, or nitrate).
Manganese-oxo intermediates are among the more reactive transition metal-oxo
derivatives. A variety of these species are employed catalytically in applied syntheses, 43
and Nature uses manganese-oxo species in the production of oxygen in photosynthesis
II.44

Highly

reactive

porphyrin-manganese(V)-oxo

derivatives45

are

proposed

intermediates in catalytic processes that have been known for decades. 46 In the past
decades, many transition metal catalysts bearing a core structure resembling the iron
porphyrin core of CYP450s, have been synthesized as models to probe the sophisticated
mechanism of molecular oxygen activation as well as to invent enzyme-like oxidation
catalysts.43, 47
Synthetic manganese porphyrin complexes were developed as models for
CYP450s.43 Reactive porphyrin-manganese(V)-oxo derivatives were proposed as the key
intermediates in catalytic processes for decades,46 but they eluded detection until 1997
when Groves and co-workers reported the synthesis of the first porphyrin-manganese(V)oxo complex.45b Subsequently, two additional examples of manganese(V)-oxo porphyrins
were reported.48 For examples, irradiation of porphyrin-manganese(III) nitrates and
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chlorates resulted in homolytic cleavage of the O-X bonds in the ligands to afford
porphyrin-manganese(IV)-oxo species, whereas irradiation of porphyrin-manganese(III)
perchlorates resulted in heterolytic cleavage of O-Cl bonds to give porphyrinmanganese(V)-oxo cations.42b In contrast, the well-characterized manganese(IV)-oxo
derivatives are less reactive than manganese(V)-oxo species in manganese porphyrincatalyzed oxidations.42a, 48b, 49
Notably, the chemistry of co-facial metal-bis-porphyrins has drawn increased
attention owing to the ability of these systems to utilize molecular oxygen and visible
light (sunlight) for organic oxidations.50 One example is the catalytic aerobic oxidation
by high-valent iron(IV)-oxo species in a process that involves photo-disproportionation
of a diiron(III)-µ-oxo bis-porphyrins complex.51 The catalytic efficiency of diiron(III)-µoxo systems was improved by employing “Pacman” ligand designs with organic spacerhinges, which can pre-organize two iron centers in a favorable co-facial
arrangement(Scheme 1-5).52 In a similar fashion, photolysis of a bis-corroles-diiron(IV)µ-oxo dimer apparently proceeded by the same type of photo-disproportionation
mechanism to give corrole-iron(V)-oxo transient.53 In addition, a putative porphyrinruthenium(V)-oxo species generated in a similar photo-disproportionation process was
reported, which has shown great potential for aerobic photocatalytic oxidations. 54
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Scheme 1–5. Photo-disproportionation reaction.

In Chapter 3, it is discovered that visible-light irradiation of photo-labile bromate
porphyrin-iron(III) salts gave iron(IV)-oxo porphyrin radical cations (Compound I
models) and the neutral iron(IV)-oxo porphyrin complexes (Compound II models),
depending on the electronic nature of porphyrin ligands. In Chapter 4, a direct
spectroscopic observation of porphyrin-manganese(IV)-oxo complexes is described by
visible-light irradiation of bis-porphyrins-dimanganese(III)-µ-oxo complexes
1.5

Biomimetic Oxidations by Metalloporphyrins
Metalloporphyrins have been widely used as biomimetic models of CYP450

enzymes to catalyze a variety of oxidation reactions (Table 1-1). Groves and co-workers
first reported the first oxidation system with a simple iron porphyrin in 1979.55 This
oxidation system, which consists of oxygen source iodosylbenzene and catalyst
FeIII(TPP)Cl (TPP = meso-tetraphenylporphyrin), catalyzed the effective stereospecific
alkene epoxidation and alkane hydroxylation. Many transition metal catalysts, with a core
structure closely resembling that of the iron porphyrin core of CYP450s, have been
synthesized as models to invent enzyme-like oxidation catalysts as well as to probe the
sophisticated mechanism of molecular oxygen activation.43a Biomimetic studies on the
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metalloporphyrin model systems have helped scientists understand how CYP450
enzymes activate dioxygen and oxidize substrates.
Subsequently, effective catalytic oxidation systems based on metalloporphyrin
catalysts with iron, manganese and ruthenium porphyrins have been received
considerable attentions and reported.56 The effective catalytic oxidation systems based on
manganese(III) porphyrin complexes have shown catalytic promise as CYP450s models
in oxidation over the past decades.28b,

57

The sacrificial oxidants compatible with

manganese porphyrins were mostly restricted to PhIO, NaOCl, H2O2, TBHP (tertbutylhydroperoxide), KHSO5 and oxaziridines.28b Molecular oxygen can also be used in
the presence of an electron source.57 The use of H2O2 often results in oxidative
degradation of the catalyst due to the potency of this oxidant.43a In contrast to
epoxidations catalyzed by other metals, the manganese porphyrin-catalyzed oxidation
gave low stereo specificity.

16

Table 1-1. Biomimetic oxidation by synthetic metalloporphyrin.

In Chapter 5, a series of manganese(III) porphyrins are synthesized and
characterized. The study focuses on the synthetic, spectroscopic and mechanistic studies
of catalytic oxidations by manganese(III) porphyrin in the presence of PhI(OAc)2 as a
mild oxygen source.
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CHAPTER 2
EXPERIMENTAL SECTION
2.1

Materials
All commercial reagents were of the best available purity and were used as

supplied unless otherwise specified. All of the organic solvents used for synthesis and
purification were purchased from Sigma-Aldrich Chemical Co., including acetone,
acetonitrile, benzene, chloroform, cyclohexane, dichloromethane, ethanol, ethyl benzene,
methanol, and N,N-dimethylformamide (DMF). HPLC grade acetonitrile (99.93%) was
distilled over P2O5 prior to use, and HPLC grade benzene (>99.9%) was purified by
passing through a dry Al2O3 (Grade I, neutral) column prior to use. All substrates for
kinetic and catalytic oxidation studies were purified by silica gel column before use,
including norbornene, styrene, trans-β-methylstyrene, 3-nitrostyrene, 4-fluorostyrene, 4chlorostyrene, 4-methylstyrene, 4-vinylanisole, cis-stilbene, trans-stilbene, cyclohexene,
cis-cyclooctene, 2-cyclohexexenol, dihydronaphthlene, diphenylmethane, ethylbenzene,
ethylbenzene-d10 and triphenylmethane. The pyrrole was freshly distilled before use.
Benzaldehyde,

mesitaldehyde,

4-fluorobenzaldehyde,

4-methoxybenzaldehyde,

4-

trifluoromethyl benzaldehyde, 2,6-difluorobenzaldehyde, 2,6-dimethoxybenzaldehyde,
hydrochloric acid (HCl), boron trifluoride diethyl etherate (BF3·OEt2), 2,3-dichloro-5,6-
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dicyano-p-benzequinone (DDQ), iodobenzene diacetate or (diacetoxyiodo)benzene
[PhI(OAc)2], meta-chloroperoxybenzoic acid (m-CPBA), Hydrogen peroxide (H2O2,
30%),

tert-butyl

hydroperoxide

(TBHP,

70%),

5,10,15,20-

tetrakis(pentafluorophenyl)porphyrin [H2(TPFPP)], manganese(II) acetate tetrahydrate,
iron(II) chloride, propanoic acid, chloroform-d, triphenylphosphine and pyridine were
obtained from Sigma-Aldrich Chemical Co. and used as such. Iodosylbenzene (PhIO)
was purchased from the TCI America Co. and used as obtained. All bromate salts,
perchlorate salts, chlorate salts, nitrate salts, and nitrite salts of metalloporphyrin
complexes were prepared by stirring excess amountss of AgBrO3, AgClO4, AgClO3,
AgNO3, or AgNO2 with [MnIII(Por)Cl] and/or [FeIII(Por)Cl]. The resulting solutions were
filtered and used for catalytic and kinetic studies immediately after preparation.
2.2

Methods

2.2.1

Physical Measurement
1

H-NMR was performed on a JEOL ECA-500 MHz spectrometer at 298K with

tetramethylsilane (TMS) as internal standard. Chemical shifts (ppm) are reported relative
to TMS. UV-vis spectra were performed on an Agilent 8454 diode array
spectrophotometer (Figure 2-1A). Gas chromatograph analysis were performed on
Agilent GC7820A/MS5975 with a flame ionization detector (FID) using a J&W
Scientific Cyclodex-B capillary column (Figure 2-1B). The GC-MS system is also
coupled with an auto sample injector. Visible light was produced from a SOLA SE II
light engine (Lumencor) configured with a liquid light guide (6-120 W) or from a
tungsten lamp (60W and 300 W).
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A

B

Figure 2–1. (A) Agilent 8454 diode array UV-visible spectrophotometer. (B) Agilent
GC-MS System

2.2.2

General Procedure for Photolysis of Iron(III) Porphyrin [FeIII(Por)X]
Facile exchange of the porphyrin complexes [FeIII(Por)Cl] (3) with ca. 2-fold of

Ag(BrO3) in anaerobic CH3CN (2 mL) gave the corresponding bromate complexes
[FeIII(Por)(BrO3)] (5), and their formation was indicated by the UV-vis spectra. Caution!
Bromate salts of metal complexes are potentially explosive and should be handled with
care. Species 5 were photo-labile and subsequently used for photochemical reactions.
The solution of 5 with concentration in the range of (6-12) × 10-6 M was irradiated with
visible light from a tungsten lamp (60 and 300 W) at ambient temperature, the formation
of iron(IV)-oxo species (6 & 7) was complete in ca. 5-20 min, monitored by UV-vis
spectroscopy.
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2.2.3

Direct Kinetic Study of High-Valent Metal-Oxo Intermediates
Reactions of high-valent metal-oxo with excess amounts of organic substrates

(>100 equiv.) were conducted in a 2 mL solution at 23 ± 2 oC. The rates of the reactions
which represented the rates of oxo group transfer from high-valent metal-oxo to substrate
were monitored by the decay of the Soret band of the high-valent metal-oxo species.
Kinetics are measured under single-turnover experiments using a large excess of
reductants to achieve pseudo-first-order kinetic conditions. Rate constants for reactions
with substrates are determined from kinetic measurements with varied concentrations of
substrate. The kinetic traces at λmax of Soret band displayed good pseudo-first-order
behavior with at least four half-lives, and the data was solved to give pseudo-first-order
observed rate constants, kobs. Plots of these values against the concentration of substrate
were linear in all cases. The second-order rate constants for reactions of the oxo species
with the organic substrates were solved according to Eq. 1, where k0 is a background rate
constant found in the absence of substrate, kox is the second-order rate constant for
reaction with the substrate, and [Sub] is the concentration of substrate. All second-order
rate constants are averages of 2-3 determinations consisting of independent kinetic
measurements. Errors in the rate constants were weighted at 2σ.
kobs = k0 + kox[Sub]
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(Eq. 1)

2.2.4

General Procedure for Photolysis of Bis-Porphyrins-Dimanganese(III)-μ-Oxo

Complex [MnIII(Por)]2O
When the benzene solution of [MnIII(Por)]2O (4) at the desired concentration (ca.
1.5 × 10-5 M) in benzene (2 mL) was irradiated with a 120 W of visible light at ambient
temperature, the formation of porphyrin-manganese(IV)-oxo species [MnIV(Por)(O)] (10)
was complete in ca. 3 to 4 min monitored by UV-visible spectroscopy. Reactions of oxospecies 10 with excess cyclohexene (0.5 M) were conducted in a solution at 23 ± 2 oC,
and the observed rates were monitored by the decay of the Soret band of the oxo-species
10. The identity of 10 was confirmed by producing the same species from chemical
oxidation of corresponding manganese(III) chloride precursors with 25-fold of PhI(OAc)2
in benzene.
2.2.5

General Procedure for Catalytic Oxidations
Unless otherwise indicated, all catalytic reactions were carried out in the presence

of a small amount of H2O (5 µL) with 1 µmol of catalyst (ca. 0.5 mol%), 0.2 mmol of
organic substrate and 1.5 equivalent of oxygen source such as PhI(OAc)2 (0.3 mmol) in
0.5 mL of acetonitrile at 23 ± 2 oC or 50 oC in a water bath. Aliquots of the reaction
solution at constant time interval were analyzed by GC-MS to determine the formed
products and yields with an internal standard, or directly loaded on a flash column
chromatography (silica gel) eluted by CH2Cl2 and hexane mixture to isolate products. All
reactions were run 2 to 3 times, and results reported in Chapter 5 represent the average of
these reactions. The trend in the product yields typically parallels reaction time.
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2.2.6

Catalytic Competitive and Kinetic Isotope Effect (KIE) Studies
A CH3CN solution containing equal amounts of two substrates, e.g. styrenes (0.2

mmol) and substituted styrenes (0.2 mmol), manganese(III) porphyrin catalyst (1 µmol)
and an internal standard of 1,2,4-trichlorobezene (0.1 mmol) was prepared (final volume
= 0.5 mL). The internal standard was shown to be stable to the oxidation conditions in
control reactions. PhI(OAc)2 (0.2 mmol) as limiting reagent was added, and the mixture
was stirred at ambient temperature (23 ± 2 oC) for 10 min. Relative rate ratios for
catalytic oxidations were determined based on the amounts of substrates by GC (FID) as
measured against an internal standard. In this work, all the catalytic epoxidations
proceeded with good epoxide yields (> 80%) and mass balance (> 95%), and in all cases
no traces of polymers or oligomers were detected. Thus, the rate of alkene disappearance
should reasonably reflect the alkene reactivity toward the porphyrin-manganese(III)catalyzed epoxidation.
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2.3

Synthesis and Characterization

2.3.1

Synthesis of 5, 10, 15, 20-Tetraphenylporphyrin [H2(TPP)]

Scheme 2–1. One-step synthesis of [H2(Por)] (1a-d).
The non-steric hindered porphyrin ligands (1a-d) were synthesized based on the
well-known method described by Leonard Korsakoff and co-workers.58 Benzaldehyde
(7.3 mL, 0.07mol), pyrrole (5 mL, 0.07mol), and 250 mL propionic acid were added into
a 1-L three-neck round-bottomed flask fitted with a septum and condenser. A strong acid
is not used as it might lead to the dimerization of pyrrole instead. After refluxing the
mixture for 30 min, the solution was cooled to room temperature and filtered. The filter
cake is washed thoroughly with methanol until the filtrate solution was clear. The
resulting product (1a) was air dried for 2 h. Other non-steric hindered systems (1b-1d)
were successfully synthesized using the similar procedure.
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[H2(TPP)] (1a)
Yield = 2.45 g (22.8%).
UV-vis (CH2Cl2) λmax/nm: 415 (Soret), 513, 545, 590. (Figure 2-2A)
1

H-NMR (500MHz, CDCl3): δ, ppm: -2.76 (s, 2H, NH), 7.76 (m, 12H, p-ArH and m-

ArH), 8.21 (m, 8H, o-ArH), 8.849 (s, 8H, β-pyrrolic-H). (Figure 2-2B)
5, 10, 15, 20-tetrakis(4-fluorophenyl)porphyrin [H2(4-FTPP)] (1b)
Yield = 3.57 g (33.3%).
UV-vis (CH2Cl2) λmax/nm: 417 (Soret), 514, 548, 592. (Figure 2-3A)
1

H-NMR (500MHz, CDCl3): δ, ppm: -2.86 (s, 2H, NH), 7.44 (m, 8H, m-ArH), 8.12 (m,

8H, o-ArH), 8.83 (s, 8H, β-pyrrolic-H). (Figure 2-3B)
5, 10, 15, 20-tetrakis(4-trifluoromethylphenyl)porphyrin [H2(4-CF3TPP)] (1c)
Yield = 3.25 g (30.3%).
UV-vis (CH2Cl2) λmax/nm: 417 (Soret), 513, 547, 590. (Figure 2-4A)
1

H-NMR (500MHz, CDCl3): δ, ppm: -2.83 (s, 2H, NH), 8.05 (m, 8H, m-ArH), 8.31 (m,

8H, o-ArH), 8.83 (s, 8H, β-pyrrolic-H). (Figure 2-4B)
5, 10, 15, 20-tetrakis(4-methoxyphenyl)porphyrin [H2(4-MeOTPP)] (1d)
Yield = 2.17 g (20.2%).
UV-vis (CH2Cl2) λmax/nm: 422 (Soret), 519, 556. (Figure 2-5A)
1

H-NMR (500MHz, CDCl3): δ, ppm: -2.75 (s, 2H, NH), 7.29 (m, 8H, m-ArH), 8.11 (m,

8H, o-CH3), 8.86 (s, 8H, β-pyrrolic-H). (Figure 2-5B)
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Figure 2–2. (A) The UV-vis spectrum of [H2(TPP)] (1a) in CH2Cl2; (B) The 1H-NMR
spectrum of [H2(TPP)] (1a) in CDCl3.
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2.3.2

Synthesis of 5, 10, 15, 20-Tetramesitylporphyrin [H2(TMP)]

Scheme 2–2. Two-step and one-pot synthesis of [H2(Por)] (1e-g).

The sterically hindered porphyrin ligands (1e-g) were synthesized based on the
well-known method described by Lindsey and co-workers in 1989.59 A 1-L three-neck
round-bottomed flask fitted with a septum, reflux condenser, and nitrogen inlet port was
charged with 500 mL of chloroform, mesitaldehyde (736 μL, 5 mmol), pyrrole (347 μL, 5
mmol) and 3.47 mL ethyl alcohol (0.5% v/v). After solution was purged with argon for 5
min, BF3·OEt2 (660 μL, 1.65 mmol) was added via syringe in drops. The solution
changed from colorless to dark greenish brown gradually and was stirred at room
temperature for 3 h. This reaction was monitored by UV-vis to confirm that
porphyrinogen had been formed. At the end of 1st-step reaction, 2, 3-dichloro-5, 6dicyano-p-benzequinone (DDQ) (957 mg) was added in powder form and the reaction
mixture was gently refluxed for 1 h. The reaction mixture then was cooled to room
temperature, and excess of triethylamine (920 μL, 6.6 mmol) was added. The solution
was evaporated to dryness. The crude dry product was scraped from the flask, placed on a
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filter, and washed with methanol until the filtrate was clear. After that, the product (1e)
was placed into the wet column (silica gel) eluted by dichloromethane. Other sterically
hindered systems (1g, 1g) were synthesized using similar procedure.
[H2(TMP)] (1e)
Yield = 210 mg (21.6%).
UV-vis (CH2Cl2) λmax/nm: 418 (Soret), 513, 546, 590. (Figure 2-6A)
1

H-NMR (500MHz, CDCl3): δ, ppm: -2.50 (s, 2H, NH), 1.81 (s, 24H, o-CH3), 2.62 (m,

12H, p-CH3), 7.25 (m, 8H, m-ArH), 8.61 (s, 8H, β-pyrrolic-H). (Figure 2-6B)
5, 10, 15, 20-tetrakis(2,6-difluorophenyl)porphyrin [H2(2,6-F2TPP)] (1f)
Yield = 184 mg (18.6%).
UV-vis (CH2Cl2) λmax/nm: 413 (Soret), 518, 655. (Figure 2-7A)
1

H-NMR (500MHz, CDCl3): δ, ppm: -2.78 (s, 2H, NH), 7.78 (m, 12H, m-ArH and p-

ArH), 8.87 (s, 8H, β-pyrrolic-H). (Figure 2-7B)
5, 10, 15, 20-tetrakis(2,6-dimethoxyphenyl)porphyrin [H2(2,6-(MeO)2TPP)] (1g)
Yield = 94 mg (9.6%).
UV-vis (CH2Cl2) λmax/nm: 417 (Soret), 513, 587. (Figure 2-8A)
1

H-NMR (500MHz, CDCl3): δ, ppm: -2.51 (s, 2H, NH), 3.45 (s, 24H, o-MeO), 7.69 (m,

12H, m-ArH and p-ArH), 8.63 (s, 8H, β-pyrrolic-H). (Figure 2-8B)
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2.3.3

Synthesis of Manganese(III) Porphyrin Chloride [MnIII(Por)Cl] and Iron(III)

Porphyrin Chloride [FeIII(Por)Cl]
Porphyrin free ligands employed in this study include [H2(TPP)] (1a), [H2(4FTPP)] (1b), [H2(4-CF3TPP)] (1c), [H2(4-MeOTPP)] (1d), [H2(TMP)] (1e), [H2(2,6F2TPP)] (1f),

[H2(2,6-(MeO)2TPP)] (1g), and [H2(TPFPP)] (1h) which was

commercially available. The manganese/iron(III) porphyrin complexes (2 and 3) were
prepared as described as shown in Scheme 2-3 and Scheme 2-4. In a typical procedure, a
porphyrin free ligand (1) (100 mg) and a large excess of manganese(II) acetate
tetrahydratein (300 mg) or iron(II) chloride (500 mg) were added into 30 mL
dimethylformamide (DMF) solution. The mixture was degassed with argon for 5 minutes
and refluxed for 30-60 min. This reaction was monitored by TLC analysis. The DMF
solvent was evaporated to dryness under vacuum, and manganese(III)/iron(III) porphyrin
complexes were dissolved in dichloromethane. 3 M hydrochloric acid was added and
stirred with the solution (6M for manganese(III) porphyrin), which exchanged the axial
ligand from OAc to Cl. Extraction was done with dichloromethane and then distilled
water. Na2SO4 was added to remove any remaining traces of water. The product was then
purified on a wet silica column using CH2Cl2 as eluent.
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Scheme 2–3. Synthesis of [MnIII(Por)Cl] (2a-c, 2e, 2h).

Manganese(III) 5, 10, 15, 20-Tetraphenylporphyrin chloride
[MnIII(TPP)Cl] (2a) Yield = 88 mg (88 %). (Figure 2-9)
UV-vis (CH2Cl2) λmax/nm: 479 (Soret), 376, 403, 582, 618.
1

H-NMR (500MHz, CDCl3): δ, ppm: -23.2 (s, 8H, β-pyrrolic-H).

Manganese(III) 5, 10, 15, 20-Tetrakis(4-fluorophenyl)porphyrin chloride
[MnIII(4-FTPP)Cl] (2b) Yield = 92 mg (92 %). (Figure 2-10)
UV-vis (CH2Cl2) λmax/nm: 478 (Soret), 375, 402, 581, 617.
1

H-NMR (500MHz, CDCl3): δ, ppm: -12.3 (s, 8H, β-pyrrolic-H).
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Manganese(III) 5, 10, 15, 20-Tetrakis(4-trifluoromethylphenyl)porphyrin chloride
[MnIII(4-CF3TPP)Cl] (2c) Yield = 81 mg (81 %). (Figure 2-11)
UV-vis (CH2Cl2) λmax/nm: 478 (Soret), 374, 399, 580, 615.
1

H-NMR (500MHz, CDCl3): δ, ppm: -15.8 (s, 8H, β-pyrrolic-H).

Manganese(III) 5, 10, 15, 20-Tetramesitylporphyrin chloride
[MnIII(TMP]Cl] (2e) Yield = 76 mg (76 %).
UV-vis (CH2Cl2) λmax/nm: 479 (Soret), 373, 400, 586, 616. (Figure 12A)
Manganese(III) 5, 10, 15, 20-Tetrakispentafluorophenylporphyrin chloride
[MnIII(TPFPP)Cl] (2h) Yield = 90 mg (90 %). (Figure 12B)
UV-vis (CH2Cl2) λmax/nm: 474 (Soret), 364, 573.
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Figure 2–9. (A) The UV-vis spectrum of [MnIII(TPP)Cl] (2a) in CH2Cl2; (B) The 1HNMR spectrum of [MnIII(TPP)Cl] (2a) in CDCl3.
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Scheme 2–4. Synthesis of [FeIII(Por)Cl] (3a-h).
Iron(III) 5, 10, 15, 20-Tetraphenylporphyrin chloride
[FeIII(TPP)Cl] (3a) (Figure 2-13) Yield = 89 mg (89 %).
UV-vis (CH2Cl2) λmax/nm: 413 (Soret), 378, 507, 576.
1

H-NMR (500MHz, CDCl3): δ, ppm: 82.3 (s, 8H, β-pyrrolic-H).
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Iron(III) 5, 10, 15, 20-Tetrakis(4-fluorophenyl)porphyrin chloride (Figure 2-14)
[FeIII(4-FTPP)Cl] (3b) Yield = 91 mg (91 %).
UV-vis (CH2Cl2) λmax/nm: 412 (Soret), 505, 571. 1H-NMR (500MHz, CDCl3): δ, ppm:
82.8 (s, 8H, β-pyrrolic-H).
Iron(III) 5, 10, 15, 20-Tetrakis(4-trifluoromethylphenyl)porphyrin chloride
[FeIII(4-CF3TPP)Cl] (Figure 2-15) (3c). Yield = 71 mg (71 %)
UV-vis (CH2Cl2) λmax/nm: 411 (Soret), 374, 506, 571.
1

H-NMR (500MHz, CDCl3): δ, ppm: 83.5 (s, 8H, β-pyrrolic-H).

Iron(III) 5, 10, 15, 20-Tetrakis(4-methoxyphenyl)porphyrin chloride
[FeIII(4-MeOTPP)Cl] (3d) (Figure 2-16) Yield = 78 mg (78 %).
UV-vis (CH2Cl2) λmax/nm: 418 (Soret), 511.
1

H-NMR (500MHz, CDCl3): δ, ppm: 80.2 (s, 8H, β-pyrrolic-H).

Iron(III) 5, 10, 15, 20-Tetramesitylporphyrin chloride [FeIII(TMP)Cl] (3e)
(Figure 2-17) Yield = 86 mg (86 %).
UV-vis (CH2Cl2) λmax/nm: 416 (Soret), 378, 508, 576.
1

H-NMR (500MHz, CDCl3): δ, ppm: 81.9 (s, 8H, β-pyrrolic-H).

Iron(III) 5, 10, 15, 20-Tetrakis(2,6-difluorophenyl)porphyrin chloride
[FeIII(2,6-F2TPP)Cl)] (3f) (Figure 2-18) Yield = 83 mg (83 %).
UV-vis (CH2Cl2) λmax/nm: 412 (Soret), 368, 503, 586.
1

H-NMR (500MHz, CDCl3): δ, ppm: 82.6 (s, 8H, β-pyrrolic-H).

Iron(III) 5, 10, 15, 20-Tetrakis(2,6-dimethoxyphenyl)porphyrin chloride
[FeIII(2,6-(MeO)2TPP)Cl] (3g) (Figure 2-19) Yield = 87 mg (87 %).
UV-vis (CH2Cl2) λmax/nm: 408 (Soret), 503,574, 635.
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1

H-NMR (500MHz, CDCl3): δ, ppm: 82.7 (s, 8H, β-pyrrolic-H).

Iron(III) 5, 10, 15, 20-Tetrakispentafluorophenylporphyrin chloride
[FeIII(TPFPP)Cl] (3h) (Figure 2-20) Yield = 94 mg (94 %).
UV-vis (CH2Cl2) λmax/nm: 407 (Soret), 352, 498, 562, 630.
1

H-NMR (500MHz, CDCl3): δ, ppm: 81.8 (s, 8H, β-pyrrolic-H).
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Figure 2–13. (A) The UV-vis spectrum of [FeIII(TPP)Cl] (3a) in CH2Cl2; (B) The 1HNMR spectrum of [FeIII(TPP)Cl] (3a) in CDCl3.
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Figure 2–16. (A) The UV-vis spectrum of [FeIII(4-MeOTPP)Cl] (3d) in CH2Cl2; (B) The
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CHAPTER 3
LIGAND CONTROL IN THE PHOTOCHEMICAL GENERATION OF HIGHVALENT PORPHYRIN-IRON-OXO DERIVATIVES
3.1

Introduction
In this chapter, a new photochemical access to Compound I and Compound II

model complexes has been developed. As controlled by the electronic nature of porphyrin
ligands, iron(IV)-oxo porphyrin radical cations and iron(IV)-oxo porphyrin derivatives
were produced. The photochemical approach produces metal-oxo species essentially
instantly, and permits direct detection of metal-oxo species and kinetic studies of their
oxidations within much shorter timescales than the fastest mixing experiments.39a, b, 42a, b
In this regard, the photo-induced ligand cleavage reactions have been developed to
generate a variety of high-valent metal-oxo species in porphyrin species. In particular, the
Compound I have been known for decades, are observed as intermediates in peroxidase
and catalase enzymes and synthetic models.5, 22b, 27c A Compound I species is also thought
to be the oxidizing transient in the CYP450s,60 and recent advance provided the
spectroscopic and kinetic characterization of the long-sought intermediate.61 True
iron(V)-oxo complexes are generally rare and elusive, and considered to be more reactive
than the iron(IV)-oxo ligand radical cations.32
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3.2

Results and Discussion

3.2.1

Photolysis of Iron(III) Porphyrin Bromate Precursors

Scheme 3–1. Axial ligand exchange from 3 to 5.
The systems studied in this work are shown in Scheme 3-1. Facile exchange of
the counterions in 3 (typically 5 mg) with ca. 2-fold excess of Ag(BrO3) in anaerobic
CH3CN gave the bromate complexes 5, and the formation was indicated by the UV-vis
spectra. These species 5 were photo-labile and subsequently used for photochemical
reactions. Figure 3-1 showing the UV-vis spectrum of different axial ligand on
[FeIII(TMP)X].
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Figure 3–1. UV-vis spectrum of [FeIII(TMP)Cl] (solid line), [FeIII(TMP)(BrO3)] (short
dashed line), and [FeIII(TMP)(ClO3)] (long dashed line) in CH2Cl2.

3.2.2

Generation of Iron(IV)-Oxo Porphyrin Radical Cations (Compound I)
Irradiation of bromate complex 5e in anaerobic CH3CN with visible light from a

tungsten lamp (100 W) resulted in changes in absorption spectra with isosbestic points at
528, 488, 446, 384 and 312 nm (Figure 3-2A). Over a time period of 9 min, 5e decayed,
and a greenish species 6e was produced, displaying a weaker Soret band at 404 nm and a
stronger Q band at 656 nm that are characteristic of iron(IV)-oxo porphyrin radical
cations.62 Accordingly, 6e was assigned as [FeIV(TMP+•)(O)] on the basis of its distinct
UV-vis. The spectral signature of [FeIV(TMP+•)(O)] was further confirmed by production
of the same species in the mixing chemical oxidation of 3e with 15 equiv. of m-CPBA
(Figure 3-2B). The control experiments showed that no species 6e was formed in the
absence of light (Figure 3-3).
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Figure 3–2. (A) Time-resolved spectra of 6e following irradiation of 5e with visible light
(100 W) in anaerobic CH3CN solution at 23 ± 2 oC over 9 min; (B) Time-resolved spectra
of 3e in the presence of 15 equiv. of m-CPBA.
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Figure 3–3. UV-vis spectrum of 6e without light irradiation over 8 min.
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In a fashion similar to that described for the generation of 6e, [FeIV(TPP+•)(O)]
(6a), [FeIV(4-MeOTPP+•)(O)] (6d), and [FeIV(2,6-(MeO)2TPP+•)(O)] (6g) was also
formed. Again, the spectral signature of each product was further confirmed by forming
same species using chemical method (Figure 3-4 & 3-5).
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Figure 3–4. (A)Time-resolved spectra of 6a following irradiation of 5a with visible light
(100 W) in anaerobic CH3CN solution at 23 ± 2 oC over 8 min; (B)Time-resolved spectra
of 6d following irradiation of 5d with visible light (100 W) in anaerobic CH3CN solution
at 23 ± 2 oC over 11 min.
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(100 W) in anaerobic CH3CN solution at 23 ± 2 oC over 3 min.

In addition, we found that irradiation of chlorate complexes [FeIII(Por)(ClO3)]
also gave iron(IV)-oxo radical cations (6a, 6d, 6e, & 6g) or neutral iron(IV)-oxo (7f & 7h)
similar to bromate precursors, but the rates and efficiencies of the photolysis reactions
were substantially reduced (Figure 3-6).
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Figure 3–6. Time-resolved spectra of 6d following irradiation of
[FeIII(4-OMeTPP)(ClO3)] with visible light (100 W) in anaerobic CH3CN solution at
23 ± 2 oC over 30 min.

3.2.3

Generation of Iron(IV)-Oxo Neutral Porphyrins (Compound II)
In contrast, visible-light irradiation of bromate complex 5h with a highly electron-

deficient porphyrin (TPFPP) gave a different species compared to those produced by
photolysis of electron-rich complexes 6a, 6d, 6e, and 6g. Figure 3-7A shows the timeresolved spectra of forming a red species 7h, which was characterized as a porphyriniron(IV)-oxo derivative (7). The peaks at λ = 410 and 548 nm were identical to those of
[FeIV(TPFPP)(O)], which was produced by oxidation of 5h with 23 equiv. of m-CPBA
(Figure 3-7B). A similar electron-deficient system [FeIII(2,6-F2TPP)(BrO3)] (5f) was
undergo the similar reaction to generate [FeIV(2,6-F2TPP)(O)] (7f) (Figure 3-8). The same
species were further confirmed by chemical oxidation of 3f with 13 equiv. of m-CPBA.
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Figure 3–7. (A)Time-resolved spectra of forming 7h following irradiation of 5h with
visible light (100 W) in anaerobic CH3CN solution at 23 ± 2 oC over 20 min; (B) Timeresolved spectra of oxidation of 3h in the presence of 23 equiv. of m-CPBA.
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Figure 3–8. (A)Time-resolved spectra of forming 7f following irradiation of 5f with
visible light (100 W) in anaerobic CH3CN solution at 23 ± 2 oC over 10 min; (B) Timeresolved spectra of oxidation of 3f in the presence of 13 equiv. of m-CPBA.
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3.2.4

Kinetic Study of High-Valent Porphyrin-Iron-Oxo Species
Oxidation kinetics of photo-generated oxo species 6 or 7 with alkenes and

activated hydrocarbon were investigated. Solutions containing 6 or 7 were mixed with
solutions containing large excesses of organic substrate, and pseudo-first-order rate
constants for decay of the iron(IV)-oxo species were measured spectroscopically. For oxo
species 6e and 6g, the decay of the Q-band for the oxo species monitored at 656 nm
(Figure 3-9A). For species 7f, the absorbance in the Soret band region monitored at 412
nm, which decreased over the course of the reaction (Figure 3-9B).
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Figure 3–9. (A) Time-resolved spectra of 6e in the presence of cis-cyclooctene (1 mM);
(B) Time-resolved spectra of 7f in the presence of cis-stilbene (25 mM).
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Nonetheless, apparent pseudo-first-order decay rate constants for 6 and 7
increased linearly as a function of substrate concentration (Figure 3-10), thus permitting
calculation of apparent second-order rate constants for reactions with the substrates.
Apparent second-order rate constants for reactions with various substrates are listed in
Table 3-1, where we used the same initial concentration of each oxo species 6 and 7 for
all reactions.
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Figure 3–10. (A) Kinetic plots of the observed rate constants for the reaction of 6e versus
the concentration of representative substrates: cis-stilbene (), cyclohexene () and ciscyclooctene (). Inset showing traces at 416 nm for formation of 2e with cis-cyclooctene
at 3.0, 2.0, 1.0 and 0.5 mM concentrations. (B) Kinetic plots of the observed rate
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Table 3-1. Second-order rate constants for reactions of porphyrin-iron-oxo species.a
Rate constant (M-1s-1)
O=FeIV(Por)+•

O=FeIV(Por)

6e

Compound I
6ec

6g

Compound II
7hd
7f

cis-Cyclooctene

79 ± 3

62 ± 2

-

0.018 ± 0.1

0.03 ± 0.006

Cyclohexene

85 ± 6

68 ± 3

16 ± 1

0.06 ± 0.1

0.1 ± 0.02

cis-Stilbene

120 ± 9

90 ± 2

-

0.021 ± 0.1

0.03 ± 0.006

Ethylbenzene

1.0 ± 0.1

0.9 ± 0.1

-

-

-

Substrate
b

a

In CH3CN at 23 ± 2 oC. The values are average of 2-3 runs with 2σ standard deviation.

b

Photo-generated from this work.

c

Formed by m-CPBA oxidation from ref. 69.

d

Obtained from results from ref. 64.

The photo-generated iron(IV)-oxo radical cation [FeIV(TMP+•)(O)] 6e in CH3CN
solution reacted with cis-cyclooctene, the second-order rate constant kox calculated to be
79 ± 3 M-1s-1. The similar result 62 ± 2 M-1s-1 were found in use of chemical method to
form 6e. Other substrates used in the same system gave consistent results between
photochemical and chemical methods. An electron-deficient system 7f was also used in a
similar kinetic study, the calculated second-order rate constant resulted in very similar to
the literature reported 7h value.63 Apparent second-order rate constants determined of 7f
with alkenes are about 2 to 3 orders of magnitude smaller in comparison with those of
species 6e with the same reductants.64 Thus, the porphyrin-iron(IV)-oxo radical cations
are considerably more reactive than their neutral porphyrin-iron(IV)-oxo species.
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3.2.5

Observed formation of Bis-Porphyrins-Diiron(III)-μ-Oxo Complexes
In addition, the spectroscopies study showed that the photolysis of [Fe III(4-

FTPP)(BrO3)] (5b) and [FeIII(4-CF3TPP)(BrO3)] (5c) gave dimer product 9 instead of
forming iron(IV) oxo radical cations or neutral iron(IV)-oxo species. All ligands (a-d)
were generally consider as a sterically non-encumbered porphyrin due to the absence of
substituents on the ortho positions of the meso-phenyl groups. The different aromatic
groups on the porphyrins also result in varying electron demands with the
trifluoromethylphenyl system being the most electrons withdrawing. As noticed in earlier
reports

53b, 65

it was found that electron-withdrawing substituents such as CF3 and F on

porphyrin ligand favor μ-oxo dimer formation. The formation of [FeIII(4-FTPP)]2O (9b)
(Figure 3-11A) and [FeIII(4-CF3TPP)]2O (9c) (Figure 3-12A) under photolysis of 5b, 5c
was further confirm by preparing the same dimer species by stiring [Fe III(Por)Cl] (3b, c)
with NaOH (25% aq.) in CH2Cl2 (Figure 3-11B & 3-12B). The formation of 9 is not fully
know. In our recent study, the formation of [FeIV(TPFC)]2O exhibited a marked
dependence on the electron-demanding F groups on phenyl ring.53b Presumably, the F and
CF3 groups would stabilize the iron(IV) complex in a dimericform by reducing the
electron density of the metal atom.
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Figure 3–11. (A) Time-resolved spectra of 9b following irradiation of 5b with visible
light (100 W) in anaerobic CH3CN solution at 23 ± 2 oC; (B) UV-vis spectrum of [FeIII(4FTPP)]2O (9b) formed by known chemical method.
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Figure 3–12. (A) Time-resolved spectra of 9c following irradiation of 5c with visible
light (100 W) in anaerobic CH3CN solution at 23 ± 2 oC; (B) UV-vis spectrum of [FeIII(4CF3TPP)]2O (9c) formed by known chemical method.
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3.2.6

A Proposed Mechanism
Photolysis of [MnIII(Por)(ClO4)] complexes was previously reported to give

[MnV(Por)(O)] species by heterolytic cleavage of an O-Cl bond.42b Recent studies
showed that heme iron(III)-hydroperoxo complexes thermodynamically led to a highvalent iron(IV)-oxo heme cation radical intermediate via heterolytic O-O bond
cleavage.66 Thus, the photolysis reactions of the bromate complexes 5 may involve a
similar heterolytic cleavage of the O-Br bond in the bromate counterions that results in a
two-electron photo-oxidation (Scheme 3-3).

Scheme 3–2. Mechanistic considerations on photochemical formation of iron(IV)-oxo
porphyrin radical cations and iron(IV)-oxo neutral porphyrin controlled by porphyrin
ligands.
In this way, one can logically speculate that the first-formed intermediate could be
a porphyrin-iron(V)-oxo species (8), which is proposed to be a higher energy
isoelectronic isomer67 than an iron(IV)-oxo porphyrin radical cations. In porphyrin and
corrole complexes, computational studies32,
57

68

indicate that some iron(V)-oxo species

should be experimentally accessible. Much evidence has accumulated in recent reports
that putative iron(V)-oxo intermediates can be involved in photochemical oxy-ligand
fragmentation reactions, although they needed to be characterized more fully.39 As
thermodynamically favored, the high-valent iron(V)-oxo species might relax to
Compound I (6a, 6d, 6e, 6g) by internal electron transfer (ET) from the porphyrin to the
iron (Scheme 3-2). In the TPFPP system, the ET from the highly electron-deficient
porphyrin to the iron sequence is apparently not favored in view of a high redox potential
or energy barrier, and the interesting possibility exists that the observed iron(IV)- oxo
derivative (7f, 7h) might be formed by comproportionation reactions of 8 with the
residual iron(III) products. Previous studies with manganese-oxo species found that
porphyrin-manganese(V)-oxo species comproportionate rapidly with manganese(III)
species,42b and corrole-manganese(V)-oxo species reacted with corrole manganese(III)
species to give manganese(IV) species.42c However, the comproportionation reactions
between porphyrin-iron(IV)-oxo radical cations and iron(III) salts were much too slow to
be important.69 The distinction between the two possibilities will be determined by the
electronic structure or redox potential of porphyrin ligand, if any, for electron spin
distribution of atomic orbitals and bond reorganizations needed to form the two species.67
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CHAPTER 4
PHOTOCHEMICAL GENERATION OF MANGANESE(IV)-OXO PORPHYRINS
BY VISIBLE LIGHT PHOTOLYSIS OF DIMANGANESE(III)-μ-OXO BISPORPHYRINS
4.1

Introduction
The chemistry of co-facial bis-metalloporphyrins has drawn increased attention

owing to the ability of these systems to utilize the molecular oxygen and visible light
(sunlight) for numerus organic oxidations.50 Ellis and Lyons reported that bis-porphyrins
diiron(III)-µ-oxo dimer, which are usually inactive, are active catalysts in the
perhaloporphyrin series and that iron(III)-µ-oxo dimers and ferryl(II) species coexist for
the catalytic oxidation of hydrocarbon with dioxygen.70 Another example is the catalytic
aerobic oxidation by high-valent iron(IV)-oxo species in a process that involves photodisproportionation of a diiron(III)-µ-oxo bis-porphyrins complex.51 In a similar fashion,
the photolysis of a bis-corroles-iron(IV)-µ-oxo dimer apparently proceeded via the same
type of photo-disproportionation mechanism to give corrole-iron(V)-oxo transient.53
Furthermore, a putative porphyrin-ruthenium(V)-oxo species was generated in a photodisproportionation process that has shown great potential for aerobic photocatalytic
oxidations.54 In order to understand the catalytic cycle of [MnIII(Por)]2O, Chapter 4
describe the direct spectroscopic observation of porphyrin-manganese(IV)-oxo
complexes by visible light irradiation of bis-porphyrins-dimanganese(III)-µ-oxo
complexes.
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4.2

Results and Discussion

4.2.1

Synthesis of Bis-Porphyrins-Dimangaese(III)-µ-Oxo Complexes

Scheme 4–1. Synthesis of bis-porphyrins-dimangaese(III)-µ-oxo complexes.
As shown in Scheme 4-1, three porphyrin systems, i.e., [H2(TPP)] (1a), [H2(4FTPP)] (1b) and [H2(4-CF3TPP)] (1c), were studied in this work. The synthesis of bisporphyrins-dimanganese(III)-μ-oxo dimers were described by Xu and co-workers in
1999.71 In a typical run, [MnIII(Por)]2O (4) was prepared by vigorously stirring
[MnIII(Por)Cl] complex (2) (100 mg) with 20% aqueous NaOH (5 mL) in benzene (25
mL), monitored by 1H-NMR spectroscopy. The stirring time ranged from 3 h (4a) to
overnight (4c), depending on the porphyrin system employed. When the chemical shifts
of the paramagnetic pyrrolic protons at -24 ppm in 1H-NMR disappeared, water (30 mL)
was added into the reaction to precipitate the desired bis-porphyrins-dimanganese(III)-μoxo dimers. The μ-oxo-dimer products were collected by vacuum filtration and washed
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with water, and dried in air for 2 h. The [MnIII(Por)]2O products were further purified by
recrystallization in benzene and cyclohexane, then fully dried in vacuum.
Bis-5,10,15,20-tetraphenylporphyrins dimanganese(III)-µ-oxo-dimer
[MnIII(TPP)]2O (4a) (Figure 4-1)
UV-vis (CH2Cl2) λmax/nm: 418(Soret), 472 (Soret), 578, 616.
1

H-NMR (500MHz, CDCl3): δ, ppm: -15.2 (s, 8H, β-pyrrolic-H).

Bis-5,10,15,20-tetrakis(4-fluorophenyl)porphyrins dimanganese(III)-µ-oxo-dimer
[MnIII(4-FTPP)]2O (4b) (Figure 4-2)
UV-vis (CH2Cl2) λmax/nm: 419(Soret), 470 (Soret),
578, 615. 1H-NMR (500MHz, CDCl3): δ, ppm: -15.8 (s, 8H, β-pyrrolic-H).
Bis-5,10,15,20-tetrakis(4-trifluoromethylphenyl)porphyrins dimanganese(III)-µoxo-dimer [MnIII(4-CF3TPP)]2O (4c) (Figure 4-3)
UV-vis (CH2Cl2) λmax/nm: 421(Soret), 471 (Soret), 578, 617.
1

H-NMR (500MHz, CDCl3): δ, ppm: -16.1 (s, 8H, β-pyrrolic-H).
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Figure 4–1. (A) UV-vis spectra of manganese(III) chloride precursor [MnIII(TPP)Cl] (2a)
(dashed line) and bis-porphyrins dimanganese(III)-µ-oxo complex [MnIII(TPP)]2O (4a)
(solid line) in benzene; (B) 1H-NMR spectra of [MnIII(TPP)Cl] (2a, top) and
[MnIII(TPP)]2O (4a, bottom) in CDCl3.
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Figure 4–2. (A) UV-vis spectra of manganese(III) chloride precursor [MnIII(4-FTPP)Cl]
(2b) (dashed line) and bis-porphyrins dimanganese(III)-µ-oxo complex [MnIII(4-
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FTPP)]2O (4b) (solid line) in benzene; (B) 1H-NMR spectra of [MnIII(4-FTPP)Cl] (2b,
top) and [MnIII(4-FTPP)]2O (4b, bottom) in CDCl3.
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Figure 4–3. (A) UV-vis spectra of manganese(III) chloride precursor [MnIII(4CF3TPP)Cl] (2c) (dashed line) and bis-porphyrins dimanganese(III)-µ-oxo complex
[MnIII(4-CF3TPP)]2O (4c) (solid line) in benzene; (B) 1H-NMR spectra of [MnIII(4CF3TPP)Cl] (2c, top) and [MnIII(4-CF3TPP)]2O (4c, bottom) in CDCl3.

All bis-porphyrins-dimanganese(III)-µ-oxo complexes show distinct UV-vis
absorption characterized by split Soret bands at approximate 425 nm and 474 nm,
respectively, consistent with reported values in the literature.71 Interestingly, the nonoxidative transformation of manganese(III) monomer to its µ-oxo dimer 4 was also
identified by featuring paramagnetically shifted pyrrolic protons, which was slightly
more downfield than that of manganese(III) monomers of [Mn III(Por)Cl]. All ligands a-c
are generally considered as a sterically non-encumbered porphyrin due to the absence of
substituents on the ortho positions of the meso-phenyl groups. The different aromatic
groups on the porphyrins also result in varying electron demands with the
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trifluoromethylphenyl system (2c) being the most electron withdrawing. Attempts to
prepare some sterically hindered porphyrin µ-oxo dimers which contain relatively
electron-donating substituents (including methyl and methoxy) at ortho position of the
meso-phenyl rings were not successful, apparently due to the steric hindrance. As noticed
in earlier reports,53b, 65 it was found that electron-withdrawing substituents such as CF3
and F on porphyrin ligand favor μ-oxo dimer formation. Presumably, the electronwithdrawing groups could stabilize the metal complexes in a dimer form by reducing the
electron density of metal atoms. It is noteworthy that compound 4 is significantly stable
in non-polar solvent such as benzene or cyclohexane; however, in CH2Cl2 or acetonitrile
solution, complexes 4 is not stable and gradually returns to the monomeric manganese(III)
complexes (Figure 4-4). Clearly, the relatively weak Mn-O-Mn bond in dimeric
complexes can be readily dissociated by these polar solvents.
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Figure 4–4. Time-resolved spectra for the conversion of 4c (1.5 × 10-5 M) to the
monomeric manganese(III) porphyrin species over 10 min in CH2Cl2 at 23 ± 2 oC.
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4.2.2

Visible Light Irradiation of Bis-Porphyrins-Dimanganese(III)-µ-Oxo

Complexes
Visible light irradiation of µ-oxo complex 4c in anaerobic benzene from a SOLA
engine (120 W) gave rise to the formation of a transient species 10c with a slightly blueshifted Soret band at 420 nm. The absorption spectral changes shows that the twin peaks
of 4c located at 418 and 471 nm gradually decreased and a new peak at 420 nm appeared
over the course of irradiation up to 3.5 min. Judging from the spectral changes and
kinetic behavior discussed later, the transient species that formed at 420 nm could be
ascribed to the manganese(IV)-oxo porphyrin, i.e. [MnIV(4-CF3TPP)(O)]. Note that the
absorption spectra of 10c overlap with that of another manganese(III) species which
apparently gave a Soret band at 472 nm and partial absorption in the range of 370 to 415
nm. The spectra signature of the photo-generated 10c as [MnIV(4-CF3TPP)(O)] was
further confirmed by producting of the same species from chemical oxidation of
manganese(III) porphyrin with PhI(OAc)2 (Figure 4-5B).72 When excess amountss of
organic reductants such as cyclohexene or styrene were added to above solutions of 10c,
the UV-visible spectrum of 10c returned to that of manganese(III) porphyrin, which was
recovered in > 90% yield (Figure 4-6). The overall reaction sequence is consistent for the
behavior expected for porphyrin-manganese(IV)-oxo species.72
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Figure 4–5. Time-resolved spectra of 10c upon irradiation of 4c with a 120-W visible
lamp in anaerobic benzene over 3.5 min. at 23 ± 2 oC; (B) Time-resolved spectra of 10c
generated by reacting [MnIII(4-CF3TPP)Cl] (2c) with PhI(OAc)2 (25 equiv.) in benzene at
ambient temperature over 100 s.
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Figure 4–6. Time-resolved spectra over 220 s for reaction of photo-generated 10c with
cyclohexene (0.5 M) in benzene at 23 ± 2 oC; the inset shows the kinetic trace at 420 nm
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In a similar fashion, irradiation of 4b with visible light also produced 10b in
another porphyrin system (Figure 4-7 & 4-8). Although the complex 4c showed relatively
low solubility in benzene solution, visible light irradiation of 4c gave similar results as
compared to that of 4a and 4b.
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Figure 4–7. (A) Time-resolved spectra of 10b upon irradiation of 4b with a 120-W
visible lamp in anaerobic benzene over 2.5 min at 23 ± 2 oC; (B) Time-resolved spectra
of 10b generated by reacting [MnIII(4-FTPP)Cl] (2b) with PhI(OAc)2 (70 equiv.) in
benzene at ambient temperature over 50 s.
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Figure 4–8. Time-resolved spectra of the self-decay of 10b over 5 min in benzene at
23 ± 2 oC.
4.2.3

A Proposed Mechanism
Visible light photolysis of dimer 4 to produce manganese(IV)-oxo porphyrin 10

can be explained by a photo-disproportionation mechanism similar to that previously
established for the photolysis of bis-porphyrins-diiron(III)-μ-oxo complexes.51a As
outlined in Scheme 4-2, the photo-disproportionation of dimer 4 gives the reactive
manganese(IV)-oxo transient 10 in addition to one molecule of a porphyrin-manganese(II)
species 11 and oxidation of an organic reductant by 10 gives a second molecule of 11.
Species 11 was known to be unstable in aerobic media and tends to rapidly convert to the
manganese(III) complexes (2).41b Clearly, the photolysis of dimanganese(III)-μ-oxo bisporphyrins 4 appears to present a reaction manifold similar to that of diiron(III)-μ-oxo
bis-porphyrins,51a diruthenium(IV)-μ-oxo bis-porphyrins,54a and diiron(IV)-μ-oxo biscorroles.53b In light of the current interest in photo-disproportionation reaction, the effects
of electronic structure on the photolysis of manganese(III)-μ-oxo bis-porphyrins and
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insights into the detailed intramolecular electron transfer process involved deserves
further study including the theoretic support from computational calculations. These
studies are expected to further our understanding of photo-disproportionation reactions in
different systems.

Scheme 4–2. A proposed photo-disproportionation mechanism.
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4.2.4

Visible Light Irradiation of Bis-Porphyrins-Dimanganese(III)-µ-Oxo

Complexes in the Presence of Pyridine/Triphenylphosophine
To accentuate the proposed photo-disproportionation mechanism, irradiation of
the thermally stable complex 4c in the presence of excess pyridine was conducted.
Similar to the well-known photo-disproportionation of diiron(III)-μ-oxo bis-porphyrins
complexes,51a the μ-oxo precursor 4c gradually converted to a stable product 12c with
well-anchored isosbestic points (Figure 4-9). According to previous studies by Hoshino
and coworkers73 the product 12c formed with λmax at 440 nm was assigned as
[MnII(Por)(Py)], which was further confirmed by production of the same species in the
known experiment of the [MnIII(Por)(NO2)] with excess pyridine.73 The reactants and
products of the overall photoreaction are matched to their respective absorption profiles.73
This photochemical observation of a clean reduction of [Mn III(Por)]2O to [MnII(Por)(Py)]
further supports a photo-disproportionation pathway that allows for the generation of the
manganese(IV)-oxo porphyrin. Of note, similar spectral changes were also observed upon
the photo-disproportionation of dimanganese(III)-μ-oxo bis-porphyrins (4c) in the
presence of excess triphenylphosphine (Ph3P) that gave another stable [MnII(Por)(PPh3)].
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Figure 4–9. (A) Time-resolved spectra of [MnII(4-CF3TPP)(Py)] (12c) generated by
visible light irradiation of 4c in the presence of excess amounts of pyridine (3 mM) over
50 min in benzene; (B) Time-resolved spectra of [MnII(4-CF3TPP)(PPh3)] generated by
irradiation of 4c in the presence of excess amounts of triphenylphosphine (3 mM) over 8
min in benzene.
In a fashion similar to that described for the photolysis of 4c, visible light
irradiation of 4b with excess pyridine produced 12b. [MnII(4-FTPP)(Py)] and [MnII(4FTPP)(PPh3)] were observed upon the photo-disproportionation of bis-porphyrins
dimanganese(III)-μ-oxo

complexes

in

the

triphenylphosphine (Figure 4-10).
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Figure 4–10. (A) Time-resolved spectra of [MnII(4-FTPP)(Py)] (12b) generated by
visible light irradiation of 4b in the presence of excess amounts of pyridine (3 mM) over
2 h in benzene; (B) Time-resolved spectra of [MnII(4-FTPP)(PPh3)] generated by
irradiation of 4b in the presence of excess amounts of triphenylphosphine (3 mM) over
40 min in benzene.
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CHAPTER 5
BIOMIMETIC OXIDATIONS CATALYZED BY MANGANESE(III)
PORPHYRIN WITH IODOBENZENE DIACETATE
5.1

Introduction
In this chapter, the study aims to fully exploit the potential of metalloporphyrin

complexes toward oxidation reactions, with an ultimate goal of developing practical
metalloporphyrin oxidation catalysts for organic synthesis. In contrast to the sacrificial
oxidants in common use for metal-catalyzed reactions, iodobenzene diacetate, i.e.
PhI(OAc)2, has been less often employed for porphyrin-manganese-catalyzed oxidations
due to its mild oxidizing ability. Of note, PhI(OAc)2 is readily soluble in organic media
and safe to use. In particular, it does not show appreciable reactivity towards organic
substrates nor damage the metal catalysts under the usual catalytic conditions. In
literature, Collman and Nam reported, respectively, the use of PhI(OAc)2 as terminal
oxidant for the iron(III) porphyrin catalyzed oxidation of hydrocarbons.74 Xia and
coworkers also described the manganese(III) porphyrin catalyzed epoxidation of several
alkenes with PhI(OAc)2 in the ionic liquid/CH2Cl2 mixed solvent. Adam et. al. described
a highly selective oxidation of alcohols by chromium(III) salen with PhI(OAc)2.75 In
addition, Nishiyama and co-workers showed that PhI(OAc)2 is a better oxidant than PhIO
in ruthenium-pyridine-2,6-dicarboxylate complex-catalyzed epoxidation of transstilbene.76
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This chapter describes our findings on the usefulness of PhI(OAc)2 for the highly
efficient catalytic oxidation of alkenes and activated benzylic hydrocarbons by porphyrinmanganese(III) catalysts (2a, 2e, & 2h in Scheme 5-1). In most cases, quantitative
conversions of substrates, excellent selectivities and high turnovers (up to 10,000 TON)
for epoxides were obtained. Meanwhile, a low-reactivity manganese(IV)-oxo porphyrin
intermediate which was detected by the oxidation of the manganese(III) porphyrin with
PhI(OAc)2, is not likely the sole oxidant. Instead, a more reactive porphyrinmanganese(V)-oxo species is indicated as the premier active oxidant.

Scheme 5–1. Catalytic oxidations by manganese(III) porphyrins with PhI(OAc)2.
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5.2

Results and Discussion

5.2.1

Screening Studies
Although the PhI(OAc)2 has been widely used as a mild oxidant for some

reactions, it has not been used for manganese porphyrin-catalyzed epoxidation and
hydroxylation yet. Therefore, the PhI(OAc)2 as oxygen source was first investigated in
the catalytic oxidation of cis-cyclooctene (13) with different manganese(III) porphyrin
catalysts (2a, 2e, & 2h in Scheme 5-1) to identify the most efficient system and optimal
condition from the screening studies.
Under mild homogeneous condition, the epoxidations were carried out with
catalyst: substrate: PhI(OAc)2 ratio of 1:200:300 (Table 5-1). After 30 min of reaction in
CH3CN, cis-cyclooctene oxide (14) was obtained as the only identifiable oxidation
product (> 99% by GC) with 22% conversion (Table 5-1, entry 1). The most striking
feature of these catalytic epoxidations by [MnIII(TPFPP)Cl] is the remarkable
enhancement of the reaction rate by addition of H2O. Figure 5-1 shows that addition of 5
to 10 µL of water resulted in a maximum acceleration in the rate of catalytic reaction, the
addition of over 100 µL water slowed the reaction. Thus, the same epoxidation proceeded
much more rapidly with a small amount of H2O (5 µL), and 100% conversions were
obtained within 30 min at 23 ± 2oC (entry 2) or 10 min at 50 oC (entry 3). Figure 5-2
depicts the time courses for the epoxidation in the presence and absence of water with
[MnIII(TPFPP)Cl] and [MnIII(TMP)Cl]. Clearly, addition of 5-10 µL of water resulted in
a maximum acceleration in the rate of catalytic reaction, whereas addition of over 100 µL
water slowed the reaction. Similar water accelerating effect observed in the previously
reported iron(III) porphyrin/corrole-catalyzed oxidations was rationalized in terms of the
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formation of more oxidizing PhIO.77 Another striking catalytic enhancement caused by
the addition of water was observed in the alkene epoxidation with IO4- catalyzed by 2methylimidazole and [MnIII(TPFPP)(OAc)] where deprotonation of imidazoles to
imidazolate may play a significant role in the presence of water.78 These findings indicate
that the access of the oxygen source to the metal center might be crucial. Water is a
dissociating solvent and helps removal of the axial ligand and efficiently binding oxygen
source.
To test the synthetic utility of the method, the epoxidation of cis-cyclooctene was
scaled up to 4.0 mmol and 100% conversion and 95% isolated yield exclusively for
epoxide were still obtained. Remarkably, the catalyst loading of [MnIII(TPFPP)Cl] can be
as low as of 0.01 mol% (entry 4) without significant loss of activity, illustrating an
unequivocally the high efficiency (10,000 TON). The use of CH3OH or CH2Cl2 as
solvent instead of CH3CN resulted in reduced activity (entries 5 and 6). When the nonhalogenated [MnIII(TPP)Cl] (2a) (TPP = tetraphenylporphyrin) and [MnIII(TMP)Cl] (2e)
(TMP = tetramesitylporphyrin) were used as catalyst, low catalytic activities were
obtained within 30 min at room temperature (entries 8 and 9). Control experiments
demonstrated that no epoxide was formed in the absence of either the catalyst or the
PhI(OAc)2 even at elevated temperature (50 oC).
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Table 5-1. Catalytic oxidation of cis-cyclooctene (13) by the manganese(III) porphyrin
with PhI(OAc)2.a

Entry

Catalyst

Solvent

Time
[min]
30

Conv.
[%]b
22

Yields
[%]c
100

1d

[MnIII(TPFPP)Cl] (2h)

CH3CN

2

30

100

100

3

10 (50oC)

100

100 (93)e

4f

200 (50oC)

100

100

5

CH3OH

30

37

100

6

CH2Cl2

30

67

100

7

CH3CN/CH2Cl2 (v/v=1)

30

90

100

8

[MnIII(TPP)Cl] (2a)

30

7

100

9

[MnIII(TMP)Cl] (2e)

30

8

100

10 (50oC)

23

100

10
a

Unless otherwise specified, all reactions were carried out in solvent (0.5 mL) with H2O

(5 µL) at 23 ± 2oC with cis-cyclooctene (3a) (0.2 mmol), 1.5 equiv. of PhI(OAc)2 and 0.5
mol% of manganese(III) porphyrin catalysts.
b

Determined by GC-MS analysis of the crude reaction mixture with a capillary column

(J&W Scientific Cyclodex B).
c

Based on the amount of substrate consumed; material balances > 95%.

d

Without H2O.

e

Isolated yield after column chromatography (silica gel).

f

0.01 mol% catalyst loading.
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Figure 5–1. Water effect for the porphyrin-manganese(III)-catalyzed epoxidation of ciscyclooctene (13) in CH3CN (0.5 mL) at 23 ± 2 oC; substrate (0.2 mmol), PhI(OAc)2 (0.3
mmol), [MnIII(TPFPP)Cl] catalyst (1 µmol) in the presence of H2O.
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Figure 5–2. Time courses of epoxidation of cis-cyclooctene (13) (0.2 mmol) with
PhI(OAc)2 (0.3 mmol) in CH3CN (0.5 mL) at room temperature catalyzed by

78

[MnIII(TPFPP)Cl] without water (cube); [MnIII(TMP)Cl] with 5 µL of water (diamond);
[MnIII(TPFPP)Cl] with 5 µL of water (circle). Aliquots were taken at selected time
intervals for GC analysis.

5.2.2

Comparison of Various Oxygen Sources
The promising results with the PhI(OAc)2 in Table 5-2 prompted us to evaluate

other common oxygen sources (OS) in the manganese(III) porphyrin-catalyzed
epoxidation of cyclohexene (15) for the intended purpose of comparison. 15 not only is
common substrate for epoxidation reactions but also offers the opportunity to test the
chemoselectivity of the oxidation in terms of epoxide versus allylic alcohol formation,
i.e., oxygen transfer to the double bond or oxygen insertion into the allylic C-H bond.
A screening of diverse OS under identical experimental conditions disclosed that
the mild oxygen source PhI(OAc)2 was especially effective for selective oxidation of 15
to the corresponding epoxide, and representative results are shown in Table 5-2.
Although PhIO is a more common oxygen source used for metalloporphyrin-catalyzed
oxidations, it was found that the use of the soluble PhI(OAc)2 under the same conditions
led to the epoxide in higher substrate conversion and better selectivity for epoxide (Table
5-2, entries 1 and 3). A very high catalytic activity with a TON of 9,400 was achieved at
the very low catalyst loading of only 0.01 mol% (entry 2). The use of more oxidizing
NaOCl gave lower conversion and selectivities (entry 4). With TBHP and H2O2,
significant amounts of allylic oxidation products, i.e. 2-cyclohexenol (17) and 2cyclohexenone (18) were obtained with minor epoxide (16) (entries 5 and 6). Using
heterocyclic additives such as pyrazole can improve the chemoselectivity for epoxide
(entry 7). The most likely explanation is that these oxygen sources might generate
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different reactive oxidizing intermediates with manganese porphyrin catalyst than that
with PhI(OAc)2. Besides the high selectivity and catalytic efficiency, an additional
advantage of the PhI(OAc)2 compared to the other oxidants, is the fact that it does not
cause the degradation of the porphyrin catalysts. Again, a very high catalytic activity with
a TON of 9400 was achieved at the very low catalyst loading of only 0.01 mol% (entry
2).
Table 5-2. Catalytic oxidation of cyclohexene by the [MnIII(TPFPP)Cl] (2h) with various
oxygen sources.a

Entry

1

Time

[OS]

[h]

[%]b

16 : 17 : 18

2

95

93 : 7 : 0

1 (50oC)

94

86 : 2 : 12

PhI(OAc)2

2c
3

PhIO

2

86

90 : 2 : 8

4

NaOCl (8% aq.)

2

61

85 : 4 : 11

5

TBHP (70% aq.)

2

53

2 : 85 : 13

6

H2O2 (30% aq.)

6

5

11 : 63 : 26

2

14

86 : 7 : 7

7d
a

Conv. Product Ratiob

Oxygen Source

Unless otherwise specified, all reactions were carried out in CH3CN (0.5 mL) with H2O

(5 µL) at 23 ± 2 oC with cyclohexene (0.2 mmol), 1.5 equiv. of PhI(OAc)2 and 0.5 mol%
of manganese(III) porphyrin (2h).
b

Determined by GC-MS analysis of the crude reaction mixture with a capillary column

(J&W Scientific Cyclodex B); material balances > 95%.
c

0.01 mol% of catalyst loading and 92% isolated yield.
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d

With 5 mg of pyrazole.

5.2.3

Substrate Scope
In view of the efficient epoxidation of cyclohexene and cis-cyclooctene with

PhI(OAc)2 catalyzed by manganese(III) porphyrins, the catalytic activity of
[MnIII(TPFPP)Cl] (2h) towards oxidations of a variety of organic substrates were
investigated in the presence of a small amount of H2O (5 µL) at elevated temperature (50
o

C). Table 5-3 lists the oxidized products and corresponding substrate conversions and

product yields including isolated yields using [MnIII(TPFPP)Cl] (2h) as catalyst with
PhI(OAc)2.
As evident in Table 5-3, in most cases, quantitative conversions, excellent
selectivity and rapid turnovers (up to 20 TOF min-1) were observed within a short
reaction time. In the oxidation of alkenes, epoxides were afforded as the major products
with high efficiency. For example, epoxidation of norbornene was completed within 10
min, giving primarily exo epoxide with negligible amounts of endo products (Table 5-3,
entry 1). Significant for preparative purposes, most reactions gave comparable yields in
isolated products (entries 1-3, 8, 10, 11, 13, and 14). The representative 1H-NMR and
13

C-NMR for the isolated cis-cyclooctene oxide are shown in Figures 5-3 and 5-4. In the

epoxidation of styrene and substituted styrene, 100% conversions were observed albeit
with small amounts of aldehyde products (entries 2-7). Epoxidation of cis-stilbene gave
epoxide products with a ratio of cis/trans = 91:9 (entry 8).
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Table 5-3. Catalytic oxidation of hydrocarbons by manganese(III) porphyrin (2h) with
PhI(OAc)2.a
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a

All reactions were carried out at 50 oC with 0.5 mol% catalyst of [MnIII(TPFPP)Cl] (2h)

in 0.5 mL of CH3CN containing 0.2 mmol of substrate, 0.3 mmol of PhI(OAc)2 and 5 µL
H2O.
b

Determined by GC-MS analysis of the crude reaction mixture with an internal standard

(1,2,4-trichlorobenzene); material balances > 95%.
c

TOF = turnovers frequency (min-1).

d

Based on 100% conversion of substrate; isolated yields listed in the parenthesis.

e

Isomeric ratio (exo: endo) > 95:5.

f

A trace amount of benzaldehyde was detected (< 5%).

g

A diastereomeric ratio of cis/trans = 1:4.

In contrast, trans-alkenes afforded corresponding trans-epoxides exclusively with
complete stereoretention (entries 10 and 11). This catalytic activity and product
selectivity is a major improvement over previously reported oxygen sources including
PhIO and NaOCl. Remarkably, the [MnIII(TPFPP)Cl] (2h) effectively catalyzes the
epoxidation of the allylic alcohol mainly to the epoxy alcohols with a ratio of cis/trans =
1:4 in a quantitative conversion (entry 12). Although the rate of oxidation reactions was
markedly influenced by the presence of water, the product yields and distributions in
most cases were not affected by the presence and absence of H2O. Similarly, the
oxidation of secondary benzylic alcohols gave the corresponding ketones with excellent
catalytic activities (entries 13 and 14), similar to the alkene epoxidation. Activated
alkanes including triphenylmethane, ethylbenzene and diphenylmethane were oxidized to
the corresponding alcohols and/or ketones from over-oxidation with lowest activity
(entries 15-17). It is noteworthy that monitoring catalytic reactions by UV-vis
spectroscopy indicated no appreciable catalyst bleaching the end of reactions.
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The synthetic value of the [MnIII(TPFPP)Cl]/PhI(OAc)2 system presented above
are indisputable, and most of the oxidized reactions products were purified by a flash
column chromatography (silica gel with CH2Cl2 and hexane mixture as eluent) and
characterized by 1H-NMR and

13

the representative 1H-NMR and

C-NMR (500MHz, CDCl3). Figures 5-3 and 5-4 show

13

C-NMR (500MHz, CDCl3) spectra of cis-cyclooctene

oxide (14).

Figure 5–3. 1H-NMR spectrum of cis-cyclooctene oxide (14) (CDCl3).
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Figure 5–4. 13C-NMR spectrum of cis-cyclooctene oxide (14) (CDCl3).

5.2.4

Axial Ligand Effect
It is literature known that axial ligand attached to the metal has a marked

influence on the reactivity of the high-valent metal-oxo porphyrin intermediate.79 It has
been shown that axial ligands of iron(III) porphyrin complexes play an important role in
the catalytic oxidation of hydrocarbons by various terminal oxidants, in which the yields
of oxidized products were markedly dependent on the axial ligands of the iron(III)
porphyrin catalysts.48a In this regard, the effect of axial ligand on the catalytic reactivity
of [MnIII(TPFPP)X] (X= Cl-, ClO4-, ClO3-, NO3-, and NO2-) had been investigated in the
epoxidation of cis-cyclooctene and cis-stilbene (Table 5-4). Reactions of the porphyrinmanganese(III) chloride with corresponding silver salts, i.e. AgX (X = ClO4-, ClO3-,
NO3-, and NO2-), gave solutions of the corresponding [MnIII(TPFPP)X] salts; the
formation of these species was indicated by the UV-vis spectra, matching those literature
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reported values.42b By comparison, the epoxidations were catalyzed by [MnIII(TPFPP)X]
under identical conditions. The results in Table 5-4 reveal that the axial ligand of the
manganese porphyrin complexes has a significant effect on the reaction rate. The
[MnIII(TPFPP)(ClO4)] was the best catalyst for the epoxidation, which gave a complete
conversion of cis-cyclooctene within 10 min. Reduced conversions were observed when
[MnIII(TPFPP)X] (X = ClO3-, NO3-, and NO2-) were used instead. The lowest conversion
was obtained with Cl- as the axial ligand. Among all axial ligands that we studied, ClO4has the weakest coordinating ability to the metal of manganese, albeit the Cl- is the
strongest. Thus, the effect of axial ligand counterions is most likely due to a rapid
reaction of [MnIII(TPFPP)(ClO4)] with PhI(OAc)2 to generate the active oxidizing species.
The dependence of the oxidation rates product ratios on the axial ligands of
manganese(III) porphyrin catalysts may also suggest the involvement of different reactive
species in olefin epoxidation reactions.48a
Table 5-4. Effect of axial ligand on the manganese(III) porphyrin-catalyzed alkene
epoxidations.a
MnIII(TPFPP)X cis-Cyclooctene
Entry

a

X-

cis-Stilbene

Conv.

Yield

Conv.

Epoxide [%]b

[%]b

[%]b

[%]b

cis : trans

1

ClO4-

100

100

74

91 : 9

2

ClO3-

82

100

45

86 : 14

3

NO3-

65

100

24

92 : 8

4

NO2

-

76

100

57

93 : 7

5

Cl-

25

100

17

90 : 10

All reactions were carried out in CH3CN (0.5 mL) over 10 min with H2O (5 µL) at 23 ±

2 oC with substrate (0.2 mmol), 1.5 equiv. of PhI(OAc)2 and 0.5 mol% of manganese(III)
porphyrin (2h).

86

b

Determined by GC-MS analysis of the crude reaction mixture with an internal standard

(1,2,4-trichlorobenzene); material balances > 95%.

5.3

Mechanistic Studies
PhI(OAc)2 for manganese porphyrin-catalyzed oxidation has not been well

studied before. This study discovered that manganese(III) porphyrins catalyze the highly
selective and efficient oxidation of alkenes and activated hydrocarbons by PhI(OAc)2 in
the presence of a small amount of H2O (5 µL). The preparative utility and synthetic value
of the catalytic system presented above is indisputable, but mechanistic understanding of
the complex oxygen-transfer processes is important for the design of more effective and
selective oxidants with general applicability.

5.3.1

Chemical Formation and Kinetic Study of Manganese(IV)-Oxo Porphyrin
It is known that the reactions of manganese(III) porphyrin complexes with more

oxidizing oxidants such as m-chloroperoxybenzoic acid (m-CPBA), iodosylarene, and
H2O2, produced high-valent manganese(V)-oxo porphyrins in aqueous solutions or
organic solvents in the presence of base.5, 48a To probe the identity of the active oxidizing
species, we conducted the chemical oxidation reaction of manganese(III) catalyst by
PhI(OAc)2 in CH3CN in the absence of substrate. As shown in Figure 5-5, with 5 to 10
equivalent of PhI(OAc)2, the precursor [MnIII(TPFPP)Cl] was converted to a species 10h
which then slowly decayed back to manganese(III) precursor with well-resolved
isosbestic points. The absorption spectrum of 10h with a strong Soret band at 418 nm and
weak absorption band around 538 nm was essentially identical to that of the known
manganese(IV) mono-oxo porphyrin, which was independently prepared from a reported
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method.42b In principle, manganese(IV)-oxo derivatives might have been formed by
comproportionation reactions of the manganese(V)-oxo porphyrin with the residual
manganese(III) products. Our previous studies with manganese-oxo species found that
porphyrin-manganese(V)-oxo species comproportionate rapidly with manganese(III)
species,42b to give manganese(IV) species. As thermodynamically favored, the
comproportionation reactions were important under our condition with the mild oxidizing
PhI(OAc)2. Since the chemical conversions of [MnIII(TPFPP)Cl] by mild oxidizing
PhI(OAc)2 to manganese(V)-oxo was relatively slow process, therefore, the
manganese(IV)-oxo derivative was formed from the fast reactions of manganese(V)-oxo
with residual manganese(III) to give manganese(IV)-oxo species.

1.6
MnIV=O
1.4

Absorbance (AU)

1.2

MnIII

1.0
0.8
0.6
0.4
0.2
0.0
300

400

500

600

700

Wavelength (nm)

Figure 5–5. Time-resolved spectra following the self-decay of 10h generated by reacting
[MnIII(TPFPP)Cl] (1.0 × 10-5 M) with PhI(OAc)2 (ca. 5 equiv.) over 300 s in CH3CN at
23 ± 2 oC in the absence of substrate.

88

The manganese(IV)-oxo species (10) in the presence of substrates decayed to give
manganese(III) product with no evidence for formation of manganese(II) species in any
of our studies, similar to that of self-decay shown in Figure 5-5. The asymmetric nature
of the Soret absorbance at 470 nm indicates that the products are a mixture of
manganese(III) porphyrin species containing different axial ligands. The isosbestic points
at 384, 442, 492 and 595 nm demonstrate that the conversion of manganese(IV)-oxo (10h)
to manganese(III) specie does not involve the accumulation of any intermediates.
The observed rate constants for decay of 10h with the substrates such as
ethylbenzene were fitted reasonably well by pseudo-first-order rate constants. The rate
constants increased as a function of substrate concentration, and plots of kobs versus
substrate concentration were linear (Figure 5-6). As solved by Eq. 1, where kobs is the
observed rate constant, k0 is rate constant of background reaction and kox is second-order
rate constant for oxidation of substrate, reactions of 10h gave a kox = (7.12 ± 0.29) × 10-1
M-1 s-1 for ethylbenzene, and kox = (7.16 ± 0.062) × 10-2 M-1 s-1 for ethylbenzene-d10, thus
revealing a kinetic isotope effect (KIE) of kH/kD = 9.9 ± 0.2 at 298 K.

kobs = k0 + kox[Substrate]
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(Eq. 1)
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0.08
Ethylbenzene
R = 0.9983
0.06
Ethylbenzene - d10
R = 0.9925

0.04
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0.02
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0.06

0.08
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Figure 5–6. Kinetic plots of observed pseudo-first-order rate constants for the reaction of
[MnIV(TPFPP)(O)] versus concentration of ethylbenzene and ethylbenzene-d10.

5.3.2

Competition Kinetics
The observed manganese(IV)-oxo species (10h) in direct kinetic studies is not

necessarily the active oxidant under catalytic turnover conditions. One method to
evaluate whether the same species is active in the two sets of conditions is to compare the
ratios of products formed under catalytic turnover conditions to the ratios of rate
constants measured in the direct kinetic studies.42a If the same oxidant is present in both
cases, the ratios of absolute rate constants from direct measurements and relative rate
constants from the competition studies should be similar, although a coincident similarity
for two different oxidants cannot be excluded. When the ratios are not similar, however,
the active oxidants under the two sets of conditions must be different.
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To evaluate the identity of the active oxidant during the catalytic conditions, the
competition studies with [MnIII(TPFPP)X] with different axial ligands (Cl- and ClO4-)
and PhI(OAc)2 were conducted. Table 5-5 contains the relative ratios of absolute rate
constant of manganese(V)-oxo porphyrin complex, i.e. [MnV(TPFPP)(O)], from our
previous LFP studies,42b and whereas irradiation of [MnIII(TPFPP)(OClO3)] perchlorate
resulted in heterolytic cleavage of O–Cl bonds to give porphyrin-manganese(V)-oxo
cations. The inherent good temporal resolution of LFP methods permits the production,
spectral characterization, and kinetic studies of highly reactive [MnV(TPFPP)(O)]
intermediates that cannot be observed by chemical oxidations in mixing experiments.
Table 5-5 also includes the ratios of absolute rate constant of less reactive
manganese(IV)-oxo porphyrin (10h) that was observed from the reaction of
[MnIII(TPFPP)Cl] and PhI(OAc)2, and competition reactions where PhI(OAc)2 was
employed as sacrificial oxygen source. In competition studies, a limiting amount of
PhI(OAc)2 was used to keep the conversion less than 25% to avoid the effect of substrate
concentration on the product ratios. As evident in Table 5-5, the results of the
competition reactions between ethylbenzene and ethlybenzene-d10 and between cisstilbene and diphenylmethane are in close agreement with the ratios of the absolute rate
constants found in direct kinetic studies of the porphyrin-manganese(V)-oxo species from
LFP studies.42b Notably, the competitive catalytic oxidation of PhEt and PhEt-d10 revealed
a kinetic isotope effect (KIE) of kH/kD = 3.3 (X = Cl) and 2.9 (X = ClO4-) at 298 K, much
smaller than the KIE of kH/kD = 9.9 for the same reaction with the observed
manganese(IV)-oxo species (10h). From standard reactivity-selectivity considerations, a
more highly reactive porphyrin-manganese(V)-oxo species would be expected to display
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smaller ratios of substrate selectivity than the less reactive manganese(IV)-oxo porphyrin.
The similarity in relative rate constants suggests that [MnV(TPFPP)(O)] species were the
primary active oxidants in the catalytic reactions, as commonly assumed, and
demonstrates that the kinetic results can be used in a predictive manner for estimating the
relative reactivities of substrates under catalytic conditions, as commonly assumed, and
demonstrates that the kinetic results can be used in a predictive manner for estimating the
relative reactivities of substrates under catalytic conditions. Differences in inherent
reactivities of the reductants obviously influence the ratio of products, but the close
match between the ratios of absolute rate constants and the ratios of products from the
competition experiment strongly suggests that manganese(V)-oxo species were the active
oxidants in the catalytic oxidation reactions, even though they could not be detected
during the reactions.
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Table 5-5. Relative ratios from absolute rate constants of kinetic studies and from
competition catalytic oxidations.a
Substrate

Method

krel

PhEt/PhEt-d10

[Mn (TPFPP)(O)]
[MnIV(TPFPP)(O)]
[MnIII(TPFPP]Cl]/PhI(OAc)2
[MnIII(TPFPP)(ClO4)]/PhI(OAc)2

Kinetic ratio 2.3b
Kinetic ratio 9.9c
Competition 3.3
Competition 2.9

cis-Stilbene/Ph2CH2

[MnV(TPFPP)(O)]
[MnIII(TPFPP)Cl]/PhI(OAc)2
[MnIII(TPFPP)(ClO4)]/PhI(OAc)2

Kinetic ratio 4.7b
Competition 5.2
Competition 4.9

[MnIII(TPFPP)Cl]/PhI(OAc)2
Competition
III
[Mn (TPFPP) (ClO4)]/PhI(OAc)2 Competition

1.1
1.0

4-Chlorostyrene/Styrene

[MnIII(TPFPP)Cl]/PhI(OAc)2
[MnIII(TPFPP)(ClO4)]/PhI(OAc)2

Competition
Competition

1.1
1.0

4-Methylstyrene/Styrene

[MnIII(TPFPP)Cl]/PhI(OAc)2
[MnIII(TPFPP)(ClO4)]/PhI(OAc)2

Competition
Competition

1.6
1.5

4-Methoxystyrene/Styrene [MnIII(TPFPP)Cl]/PhI(OAc)2
[MnIII(TPFPP)(ClO4)]/PhI(OAc)2

Competition
Competition

1.4
1.3

[MnIII(TPFPP)Cl]/PhI(OAc)2
[MnIII(TPFPP)(ClO4)]/PhI(OAc)2

Competition
Competition

0.7
0.6

4-Fluorostyrene/Styrene

3-Nitrotyrene/Styrene

a

Oxidant
V

All competition reactions were conducted in CH3CN (0.5 mL) in the presence of H2O

(5 µL) containing equal amounts of two substrates, e.g., PhEt (0.2 mmol) and PhEt-d10
(0.2 mmol), PhI(OAc)2 (0.1 mmol) and catalyst [MnIII(TPFPP)X] (X = Cl and ClO4)
(1 µmol). Ratios of relative rate constants from competition reactions were determined
based on the conversions of substrates. All competition ratios are averages of 2-3
determinations with standard deviations smaller than 5% of the reported values.
b

from LFP kinetic studies.42c

c

from kinetic studies of this work.
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5.3.3

Hammett Correlation Studies
A further reflection of the more reactive manganese(V)-oxo intermediate involved

in the catalytic oxidations instead of manganese(IV)-oxo complex is seen in the linear
Hammett plot for competitive oxidations of the series of substituted styrenes (Y-styrene,
Y = 4-MeO, 4-Me, 4-F, 4-Cl, and 3-NO2) were evaluated by monitoring the alkene
consumption using GC. In this work, all the catalytic epoxidation proceeded with good
epoxide yields (>85%) and mass balance (>95%), and in all cases no traces of polymers
or oligomers were detected. Thus, the rate of alkene disappearance should reasonably
reflect the alkene reactivity toward the manganese-catalyzed epoxidation.42a
The linear Hammett correlation for competitive oxidations of the series of
substituted styrenes. Figure 5-7 depicts a linear correlation (R = 0.993) of log krel [krel=
k(Y-styrene)/k(styrene)] versus Hammett σ+ substituent constant. The slope (ρ+) of the
plot is -0.422. Figure 5-8 depicts a linear correlation (R = 0.989) of log krel [krel = k(Ystyrene)/ k(styrene)] versus Hammett σ+ substituent constant. The slope (ρ+) of the plot is
-0.331. The slope (ρ+) close to zero indicate the better reactivity, due to the different
ligand of [MnIII(TPFPP)X]. The slope (ρ+) of the plot is -0.422, which indicates transition
states for rate limiting steps which involve very little charge separation. Again, this
observed ρ+ value is about 2-fold smaller in magnitude than the previously reported value
(-0.989) found for a related porphyrin- manganese(IV)-oxo complex.80 Apparently, the
competitive product analysis and Hammett correlation studies strongly suggest that the
more reactive porphyrin-manganese(V)-oxo species as the premier reactive intermediate
is plausible, even though it could not be detected during the catalytic reactions.
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Figure 5–7. Hammett correlation studies (log krel vs σ+) for the [MnIII(TPFPP)Cl]
catalyzed epoxidation of substituted styrenes by PhI(OAc)2 in CH3CN at 23 ± 2 oC.
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Figure 5–8. Hammett correlation studies (log krel vs σ+) for the [MnIII(TPFPP)(ClO4)]
catalyzed epoxidation of substituted styrenes by PhI(OAc)2 in CH3CN at 23 ± 2 oC.
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5.3.4

A Proposed Mechanism
On the basis of the present experimental facts, a catalytic cycle is proposed with a

high-valent manganese(V)-oxo species as the active oxidant that might describe catalytic
oxidation reactions under turnover conditions (Scheme 5-2). Reaction of the porphyrinmanganese(III) salt with the sacrificial PhI(OAc)2 might give a porphyrin-manganese(V)oxo species that is the major oxidant of substrate. In a fast competing process, the
porphyrin-manganese(V)-oxo species might react with residual manganese(III) salt to
form a manganese(IV)-oxo complex that also serves as an sluggish oxidant.80 When
reactive substrates were not present, porphyrin-manganese(IV)-oxo derivatives might be
the only observable products because the porphyrin-manganese(V)-oxo species are too
short-lived and do not accumulate to detectable concentrations.

Scheme 5–2. A proposed catalytic cycle for oxidations by the manganese(III) porphyrin
in the presence of PhI(OAc)2.

If this proposed reaction mechanism is reasonable, then it is possible that catalytic
oxidations could involve two active oxidants that have different reactivities and
selectivities in, for example, competition reactions.81 Thus, the competition results in
Table 5-5 are consistent with a multiple oxidant model.82 Involvement of the less reactive
manganese(IV)-oxo species may explain the loss of stereoselecctivity as we observed in
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the epoxidation of cis-stilbene (Table 5-5). Much evidence has accumulated in recent
years that multiple oxidants can be involved in oxidations by ligand-metal catalysts under
turnover conditions, although the identities of the multiple oxidants are speculative
points.74 The relative populations of manganese(V)-oxo and manganese(IV)-oxo species
were determined by the rates of the subsequent comproportionation reactions. Of note,
the manganese(V)-oxo porphyrin does react rapidly with the chloride salt of its
manganese(III) precursor, but the comproportionation reaction of the manganese(V)-oxo
species with the perchlorate salt is slower.80 This apparently reflects the observed axial
ligand effect (Table 5-4) that a weak-binding ligand perchlorate is more active catalyst,
whereas a tight-binding ligand chloride is less effective.
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CHAPTER 6
CONCLUSIONS
In summary, a series of iron(III) porphyrins, manganese(III) porphyrins, and bisporphyrins-dimanganese(III)-μ-oxo complexes were successfully synthesized and
spectroscopically characterized. We discovered a new photochemical access to highvalent iron-oxo model derivatives. As controlled by the electronic nature of porphyrin
ligands, iron(IV)-oxo porphyrin radical cations (Compound I models) and iron(IV)-oxo
porphyrin derivatives (Compound II models) were produced, respectively, by visible light
irradiation of the corresponding iron(III) bromate complexes. These observations indicate
that the photochemical reactions involve a heterolytic cleavage of O-Br to give a putative
iron(V)-oxo intermediate, which might relax to Compound I species through electron
transfer from porphyrin to the iron, or undergo rapid comproportionation reaction with
residual iron(III) to afford the Compound II derivative.
The photo-cleavage of bis-porphyrins-dimanganese(III)-μ-oxo dimers using
visible light proceeds by homolysis of an Mn-O bond to give manganese(IV)-oxo
porphyrins that are spectroscopically indistinguishable from the species formed by
chemical oxidation of the corresponding porphyrin-manganese(III) chloride complex. In
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addition, continuous irradiation of dimanganese(III)-μ-oxo bis-porphyrins in the presence
of pyridine or triphenylphospine gave rise to the formation of [MnII(Por)(Py)] or
[MnII(Por)(PPh3)] that was directly observed. The photochemical behavior of
dimanganese(III)-μ-oxo bis-porphyrins upon irradiation is ascribed to a photodisproportionation mechanism similar to that for the well-known diiron(III)-μ-oxo bisporphyrins.
An efficient method was discovered for the highly selective oxidation of alkenes
and activated hydrocarbons by manganese(III) porphyrin with PhI(OAc)2 in the presence
of small amount of water. PhI(OAc)2 was found to be a particularly effective oxygen
source with the manganese(III) porphyrin species toward epoxidations. A variety of
alkenes and activated hydrocarbons were oxidized to afford epoxides or alcohols and/or
ketones with high yields and excellent selectivity. It was found that the reactivity of
catalytic [MnIII(TPFPP)X] was greatly affected by axial ligand and the weakly binding
perchlorate gave the highest catalytic activity in the epoxidation of alkenes. The
competition and Hammett correlation studies have suggested that the observed
manganese(IV)-oxo species in direct kinetic studies is not likely the major oxidant under
catalytic turnover conditions. A high-valent manganese(V)-oxo intermediate was
indicated as the premier active oxidant, even it is too short-lived and does not accumulate
to detectable concentrations. A plausible catalytic mechanism involving two oxidants, i.e.
manganese(V)-oxo and manganese(IV)-oxo complexes, has been proposed.
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ABBREVIATIONS AND SYMBOLS

Ar

Aryl

Al2O3

Aluminium oxide

BF3·OEt2

Boron trifluoride diethyl etherate

CYP450s

Cytochrome P450s

DMF

N,N-Dimethylformamide

DDQ

2,3-Dichloro-5,6-dicyano-p-benzequinone

FID

Flame ionization detector

[FeIII(TPP)Cl]

Iron(III) 5,10,15,20-Tetraphenylporphyrin chloride

[FeIII(4-FTPP)Cl]

Iron(III) 5,10,15,20-Tetrakis(4-fluorophenyl)porphyrin
chloride

[FeIII(4-CF3TPP)Cl]

Iron(III) 5,10,15,20-Tetrakis(4trifluoromethylphenyl)porphyrin chloride

[FeIII(4-MeOTPP)Cl]

Iron(III) 5,10,15,20-Tetrakis(4methoxyphenyl)porphyrin chloride

III

Iron(III) 5,10,15,20-Tetramesitylporphyrin chloride

III

Iron(III) 5,10,15,20-Tetrakis(2,6-

[Fe (TMP)Cl]
[Fe (2,6-F2TPP)Cl]

difluorophenyl)porphyrin chloride
[FeIII (2,6-(MeO)2TPP)Cl]

Iron(III) 5,10,15,20-Tetrakis(2,6dimethoxyphenyl)porphyrin chloride

[FeIII(TPFPP)Cl]

Iron(III) 5,10,15,20-Tetrakispentafluorophenylporphyrin
chloride

GC

Gas chromatograph

[H2(TPP)]

5,10,15,20-Tetraphenylporphyrin

[H2(4-FTPP)]

5,10,15,20-Tetrakis(4-fluorophenyl)porphyrin
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[H2(4-CF3TPP)]

5,10,15,20-Tetrakis(4-trifluoromethylphenyl)porphyrin

[H2(4-MeOTPP)]

5,10,15,20-Tetrakis(4-methoxyphenyl)porphyrin

[H2(TMP)]

5,10,15,20-Tetramesitylporphyrin

[H2(2,6-F2TPP)]

5,10,15,20-Tetrakis(2,6-difluorophenyl)porphyrin

[H2(2,6-(MeO)2TPP)]

5,10,15,20-Tetrakis(2,6-dimethoxyphenyl)porphyrin

[H2(TPFPP)]

5,10,15,20-Tetrakispentafluorophenylporphyrin

H2O2

Hydrogen peroxide

HPLC

High-performance liquid chromatography

krel

Relative rate constant

kobs

Observed pseudo-first-order rate constants

k0

Background rate constant

KHSO5

Potassium peroxymonosulfate

KIE

Kinetic isotope effect

LFP

Laser flash photolysis
III

[Mn (TPP)Cl]

Manganese(III) 5,10,15,20-Tetraphenylporphyrin
chloride

[MnIII(4-FTPP)Cl]

Manganese(III) 5,10,15,20-Tetrakis(4fluorophenyl)porphyrin chloride

[MnIII(4-CF3TPP)Cl]

Manganese(III) 5,10,15,20-Tetrakis(4trifluoromethylphenyl)porphyrin chloride

III

[Mn (TMP)Cl]

Manganese(III) 5,10,15,20-Tetramesitylporphyrin
chloride

[MnIII(TPFPP)Cl]

Manganese(III) 5,10,15,20Tetrakispentafluorophenylporphyrin chloride

[MnIII(TPP)]2O

Bis-(5,10,15,20-Tetraphenylporphyrin)
dimanganese(III)-µ-oxo-dimer

[MnIII(4-FTPP)]2O

Bis-(5,10,15,20-Tetrakis(4-fluorophenyl)porphyrin)
dimanganese(III)-µ-oxo-dimer

[MnIII(4-CF3TPP)]2O

Bis-(5,10,15,20-Tetrakis(4trifluoromethylphenyl)porphyrin) dimanganese(III)-µoxo-dimer
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MS

Mass spectroscopy

m-CPBA

meta-Chloroperoxybenzoic acid

NADH

Nicotinamide adenine dinucleotide

NADP

Nicotinamide adenine dinucleotide phosphate

NMR

Nuclear magnetic resonance

NaOCl

Sodium hypochlorite

PhIO

Iodosylbenzene

PhI(OAc)2

Iodobenzene diacetate

ppm

Parts per million

P2O5

Phosphorus pentoxide

Py

Pyridine

PPh3

Triphenylphosphine

Sub

Substrate

TBHP

tert-Butyl hydroperoxide

TON

Turnover number

TOF

Turnover frequency

TMS

Tetramethylsilane

UV-vis

Ultraviolet-visible
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NUMBER INDEX
1
1a
1b
1c
1d
1e
1f
1g
1h

[H2(Por)]
[H2(TPP)]
[H2(4-FTPP)]
[H2(4-CF3TPP)]
[H2(4-MeOTPP)]
[H2(TMP)]
[H2(2,6-F2TPP)]
[H2(2,6-(MeO)2TPP)]
[H2(TPFPP)]

6
6a
6d
6e
6g

[FeIV(Por•+)(O)]
[FeIV(TPP•+)(O)]
[FeIV(4-MeOTPP•+)(O)]
[FeIV(TMP•+)(O)]
[FeIV(2,6-(MeO)2•+TPP)(O)]

7
7f
7h

[FeIV(Por)(O)]
[Fe (2,6-F2TPP)(O)]
[FeIV(TPFPP)(O)]

2
2a
2b
2c
2e
2h

[MnIII(Por)Cl]
[MnIII(TPP)Cl]
[MnIII(4-FTPP)Cl]
[MnIII(4-CF3TPP)Cl]
[MnIII(TMP)Cl]
[MnIII(TPFPP)Cl]

8

[FeV(Por)(O)]

9
9b
9c

[FeIII(Por)]2O
[FeIII(4-FTPP)]2O
[FeIII(4-CF3TPP)]2O

10
10a
10b
10c
10h

[MnIV(Por)(O)]
[MnIV(TPP)(O)]
[MnIV(4-FTPP)(O)]
[MnIV(4-CF3TPP)(O)]
[MnIV(TPFPP)(O)]

11
11b
11c

[MnII(Por)]
[MnII(4-FTPP)]
[MnII(4-CF3TPP)]

12
12b
12c

[MnII(Por)(Py)]
[MnII(4-FTPP)(Py)]
[MnII(4-CF3TPP)(Py)]

13

cis-Cyclooctene

14

Cyclooctene oxide

15

Cyclohexene

16

Cyclohexene oxide

17

2-cyclohexenol

18

2-cyclohexenone

3
3a
3b
3c
3d
3e
3f
3g
3h

[FeIII(Por)Cl]
[FeIII(TPP)Cl]
[FeIII(4-FTPP)Cl]
[FeIII(4-CF3TPP)Cl]
[FeIII(4-MeOTPP)Cl]
[FeIII(TMP)Cl]
[FeIII(2,6-F2TPP)Cl]
[FeIII(2,6-(MeO)2TPP)Cl]
[FeIII(TPFPP)Cl]
III

4
4a
4b
4c

[Mn (Por)]2O
[MnIII(TPP)]2O
[MnIII(4-FTPP)]2O
[MnIII(4-CF3TPP)]2O

5
5a
5b
5c
5d
5e
5f

[FeIII(Por)(OBrO2)]
[FeIII(TPP)(OBrO2)
[FeIII(4-FTPP)(OBrO2)]
[FeIII(4-CF3TPP)(OBrO2)]
[FeIII(4-MeOTPP)(OBrO2)]
[FeIII(TMP)(OBrO2)]
[FeIII(2,6-F2TPP)(OBrO2)]
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IV

